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Energy conservation and green technology are most important aspects in all countries around the 
world. Various technologies have been investigated to address issues such as global warming by 
reducing the CO2 emissions to the environment. Thermoelectric generators are one of the fastest 
growing technologies that are being researched all over the world and it has been proven that it is an 
excellent technology to recover waste heat. The waste heat can be recovered from different industries 
such as power plants. Transportation power plants (internal combustion engines) and cooking stoves 
are also potential sources of waste heat. Countries like Japan have invested significant research into 
thermoelectric generators and have found them to be useful alternative energy sources. It is therefore 
of great value to investigate the feasibility of employing this technology in Eskom power plants to 
produce electricity using waste heat from the plant vessels. 
 
The aim of this work is to investigate the feasibility of using thermoelectric generators (TEGs) for 
recovering waste heat in power generating plants and converting it to electricity. A thermoelectric 
generator was designed using a TEC1-12706 module which is made from Bismuth Telluride (Bi-Te). 
The TEG consisted of 10 modules connected in series and used in conjunction with a heatsink. The 
designed TEG was tested on specific vessels in the plant including the blowdown vessel, mill reject 
system and IP heater support saddle. TEGs were connected in a series-parallel connection in order to 
boost the current produced. They were mounted at each vessel and tested for a period of 15 minutes, 
the output voltage was recorded as well as the associated hot and cold side temperatures. The test 
included two parts, with the first part being the testing of TEGs under natural draft conditions and the 
second under forced draft conditions (using a fan to cool the heatsink). 
 
The experimental results under laboratory conditions showed that the design of the TEG was suitable 
for producing electricity under both natural and forced draft conditions. This was used as the baseline 
on what voltages could be expected on vessels with the same characteristics. The laboratory results 
with a temperature difference of above 50°C provided output voltages ranging 11V up to 14.33V 
under natural draft conditions. The use of the fan to cool the heat sink showed improved performance 
in terms of output voltages under the same conditions (temperature difference above 50°C) with 





It was noted that the blowdown vessel and mill reject system provided a good indication of being the 
suitable vessels where TEGs can be used to harness waste heat and produce electricity, with 
temperature difference up 50.3°C at the blowdown vessel and 47.7°C at the mill reject system. Both 
vessels provided output voltages between 1.28V and 3.64V under natural draft conditions. There was 
significant improvement on the output voltage under forced draft conditions with voltages ranging 
from 3.92V to 4.52V. 
 
It was concluded that thermoelectric generators have a great potential to be used in power plant 
vessels to produce electricity from waste heat. It was noted that for them to operate efficiently as per 
the laboratory results, correct attachment equipment should be designed to provide sufficient thermal 
contact between the TEG’s and the heat sources. This is justified by the low voltages achieved during 
the experiment as the TEG’s were not placed on the vessels with sufficient loading and to note that 
the vessel surfaces were also not even thus reducing the thermal contact. The TEG’s operate at their 
best when they are cooled using forced draft.  
 
With the TEG’s mounted at strategic positions with sufficient thermal contact and sufficient heat sink 
cooling, the power plant vessels can provide sufficient electricity to power LED lights and reduce the 
amount of energy consumed by the auxiliary appliances such power station lights. 
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h/hf Heat transfer coefficient W/(m
2K) 
H Heat sink height mm 
Hf Fin Height  mm 
I Current A 
k Thermal conductance W·K−1 
kmTc Thermal conductance at cold side W·K−1 
kmTh Thermal conductance at hot side W·K−1 
L Heat sink length mm 
Lf Fin height mm 
n n-type Element - 
N/Nc Total number of couples in a 
module 
- 
Nf Number of fins - 
NP Number of modules connected 
parallel 
- 
NS Number of modules connected 
series 
- 
NT Total Number of modules  - 
P Power W 
p p-type element - 
Pmax Maximum output power W 
Po Output power W 
q Heat flux W⋅m−2 
Q Heat absorbed J 
?̇?𝑐  Rate of cooling flux J/s 
qh Thermal Power J 
xx 
 
QH Heat transfer J 
r Module resistance Ω 
R Resistance Ω 
Rja Thermal resistance from junction to 
ambient 
K/W or ˚C/W 
Rcs Thermal resistance from case to 
heat sink 
K/W or ˚C/W 
Rjc Thermal resistance from junction to 
case 
K/W or ˚C/W 
Rm Module resistance Ω 
RmTc Module resistance at cold side Ω 
RmTh Module resistance at hot side  Ω 
Rsa/Rhs/sa Thermal resistance from heat sink 
to ambient 
K/W or ˚C/W 
r1 Inside radius mm 
r2 Outside radius mm 
Sm Module Seebeck coefficient µV/K 
SmTc Module Seebeck coefficient at cold 
side 
µV/K 
SmTh Module Seebeck coefficient at hot 
side 
µV/K 
TA Ambient temperature ˚C/K 
Tavg Average temperature ˚C/K 
Tc Device case temperature / 
Temperature on the hot side 
˚C/K 
tf Fin thickness mm 
Th Temperature on the cold side ˚C/K 
TJ Junction temperature ˚C/K 
TS Heat sink temperature ˚C/K 
Tw Temperature of the body ˚C/K 
T∞ Temperature of the oncoming fluid ˚C/K 
V Voltage  V 
Vo Output voltage V 
xxi 
 
Wnet Network of the cycle J 
W Heat sink width mm 
X Wall thickness mm 
ZT Figure of merit - 
η efficiency - 
ηth Thermal efficiency - 
ηfin Fin efficiency - 
α Seebeck coefficient µV/K 
Σ Stefan Boltzmann coefficient W. m. K -4 
β Thomson coefficient V/K 
αp Seeback coefficient of P type TEG 
leg 
µV/K 
Αn Seeback coefficient of N type TEG 
leg 
µV/K 
Π𝐴𝐵  Peltier coefficient µV 
θJA Junction-to-ambient thermal 
resistance 
K/W or ˚C/W 
θCS Case-to-heat sink thermal 
resistance 
K/W or ˚C/W 
θCA Case-to-ambient thermal 
resistance 
K/W or ˚C/W 
θJC Junction-to-case thermal 
resistance 
K/W or ˚C/W 
θSA Heat sink-to-ambient thermal 
resistance 





Chapter 1: Introduction 
1.1 Background 
Power generation has been the greatest invention by mankind and has been a stimulus for global 
industrial growth and prosperity. Most countries have power stations which run on fossil fuels like 
coal and natural gas. The vessels that are used for heat transfer also emit heat which is lost to the 
environment. In most power stations, boilers are used as the vessels that convert water into steam 
using heat that is released by the burning of the fossil fuels. The heat transfer that occurs plays a vital 
role in changing the phase of the working fluid from liquid to a gas that is used to drive the turbines 
that in turn drive the generator to produce electricity [1]. 
 
The world has changed as we knew it. There are concerns of global warming that is affecting the 
weather conditions which has led to droughts and storms in different parts of the world. It has been 
reported that the gases that power generating utilities emit by burning coal is the main contributor to 
global warming [2]. Different organizations throughout the world have embarked on a campaign for 
cleaner methods to produce electricity. This has given rise to research on alternative means to produce 
electricity without burning coal [3]. 
 
However, most developing countries rely on coal to produce power as coal is the most widely 
available natural resource. Eskom is the power giant on the African market as it is the biggest power 
producer. It currently has 13 operating coal fired power stations with two additional coal fired power 
stations under construction. Eskom’s generating capacity falls short of demand due to the rapid 
increase in residential housing and industrial developments. In response to this, Eskom has 
innovatively diversified into solar and wind to augment coal, nuclear, gas turbines and hydro 
technologies [4]. 
 
Eskom’s 13 operating power plants have different types of vessels that emit waste heat to the 
environment. This energy can be harnessed to power auxiliary systems such as lighting, kitchen hot 
water supplies etc. Technology like the thermoelectric generator (TEG) would be ideal for such an 
application as it can be used to convert waste heat into useful electricity [5]. This approach maximises 






Boilers and other vessels such as the blowdown, high pressure and low pressure heaters are ideal 
places where heat loss can be converted into useful electricity. TEGs are largely growing as 
alternative options to produce electricity. Thus their use would largely help Eskom power stations to 
reduce the amount of power used to run auxiliary systems. There is also potential to use this waste 
energy to power surrounding communities within the vicinity of the power station. 
1.2 Problem Statement 
Eskom has challenges and constraints of meeting the power demands of the country. This reduces the 
economic growth rate of the country as industrial growth is directly dependent on the amount of 
electricity the country can produce. On the other hand, power stations are emitting a lot of waste heat 
to the environment which has the potential to be converted into electricity. This needs to be 
investigated. There is currently no research conducted on the use of technologies such as TEGs to 
recover the waste heat in power generating plants to produce electricity. 
1.3 Aim  
The aim of this work is to investigate the feasibility of using TEGs for recovering waste heat in power 
generating plants and converting it to electricity. 
1.4 Objectives 
To achieve this aim, the following objectives must be met: 
1. Conduct detailed study on the current state of TEG technology 
2. Design an experimental program to test the feasibility of using TEGs to produce electricity 
from waste heat in thermal power plants 
3. Conduct experiments to measure the electricity generation capability of  TEG in power 
stations 
1.5 Hypothesis  
TEGs are designed to convert heat into useful electricity. It is expected that significant amounts of 
waste heat in thermal power plants can be converted into electricity thus improving the overall 
performance of the plant. 
1.6 Methodology 




The suitable thermoelectric generator will have to be selected from what is available on the market. 
The electric generator materials may be chosen either from the Bismuth Telluride (Bi-Te), Silicide’s 
(Mn-Si and Mg-Si) based arrangement [6]. The whole circuit will have to be designed with the 
necessary equipment required to build a complete TEG. 
1.6.2 Manufacturing 
A thermoelectric generator will be built from scratch using the design that will be established to meet 
the requirements. The manufacturing will be to build a prototype that could be tested at an operating 
power plant. 
1.6.3 Testing 
Testing will be conducted by installing the prototype on an operating vessel that is emitting heat. The 
readings of the voltage that the TEG can generate due to the heat loss on the vessel will be recorded. 
1.7 Significance of the Research  
The significance of this work includes:  
1. Knowledge will be gained on how thermoelectric generators can be used to recover waste heat 
and convert it into electricity in Eskom Power Generating Plants. 
2. The work will lead to an indication of the financial implications of producing electricity from 
waste heat in thermal power plants. 
3. This work will add academic knowledge to the University of Johannesburg on the use of 
thermoelectric generators in fossil fired power plants. 
1.8 Report Overview  
Chapter 1 has introduced the research work to be done. The justification of the work has been 
outlined together with the aim and objectives of the research. 
 
Chapter 2 describes the available literature on the potential for thermoelectric generators to be used 
to recover waste heat in thermal power plants. The literature also covers other areas where 
thermoelectric generators have been used to harness waste heat. 
 
Chapter 3 shows the thermal survey conducted in the power plant and the areas available on different 
waste heat vessels within the power plant. In this chapter, the vessel surface temperatures were 
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measured using a temperature gun. The measured temperature is then profiled for each section of the 
vessel to see if the vessel has the potential to be used to harness the waste heat on it. 
 
Chapter 4 looks at the suitable methods of sizing the thermoelectric generator. The chapter also looks 
at the electrical connection methods for the thermoelectric generator to produce optimum power 
output. Finally, the construction of the prototype of the thermoelectric generator using appropriate 
materials selected through heat transfer calculations is presented. 
 
Chapter 5 presents the testing methods for the different vessels selected as suitable for harnessing 
waste heat to produce electricity. This section also uses the thermal survey outcome from chapter 3 
to predict the behaviour of the thermoelectric generator on the different waste heat vessels. This 
chapter also outlines the different testing methods for both natural draft and forced draft cooling of 
the thermoelectric generators. 
 
Chapter 6 outlines the findings from the tests conducted under laboratory conditions and at the power 
plant. The results achieved at the blowdown vessel, mill reject system and the intermediate pressure 
heater are also discussed in detail. This includes both results achieved under natural cooling and 
forced draft cooling of the thermoelectric generator. 
 
Chapter 7 concludes the data analysis from the experiment conducted to check the feasibility of 
using thermoelectric generators to harness waste heat on power plant vessels. The chapter also 
highlights some conclusions and recommendations for future work and research that can be conducted 





Chapter 2: Literature review 
2.1 Background Remarks 
This chapter will present the literature review that is relevant to this work. This includes the use of 
thermoelectric generators all over the world and other research that has been conducted throughout 
the world. The chapter will also focus on the challenges faced by the power generation industry due 
to waste heat. Different types of power generating methods will also be discussed in order to quantify 
the role of thermoelectric generators in power generation. Various heat transfer modes will be 
investigated to identify those that are relevant to the thermoelectric generator and the factors that 
affect the performance of the thermoelectric generator. 
2.2 Power Generation 
Power generation is the conversion of chemical energy i.e. stored fossil fuels like coal, oil, natural 
gas etc. into thermal energy that can be used to produce steam that is used to put the turbine in motion. 
The steam energy is used to rotate the turbine blades along the axis of the turbine shaft producing 
mechanical energy (Rotational Movement). The generator driven by the turbine converts this 
mechanical energy into electrical energy. Electrical energy is then transmitted using power lines and 
distributed to customers (e.g. industries, households etc.). Other power generating methods other than 
fossil fuels include the use of solar, wind and hydro power [1]. 
2.2.1 Power Generating Sources 
Conventional power generation methods include thermal energy derived from fossil fuels used in coal 
fired power stations producing electricity (via the generator) as shown in Figure 1 (a) [7]. 
Hydroelectric power also forms part of the conventional power generating method where the water 
potential stored at higher altitude is utilized as it moves through the turbine blades creating a rotational 
movement that results in similar motion on the alternators (Figure 1 (b)) [8] .  
 
Figure 1: (a) Thermal power plant [7] and (b) Hydropower plant [8] 
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Other conventional methods include nuclear energy (Figure 2), where the nuclear reactor releases 
heat and through heat transfer the water is heated  [9]. The speed at which the Uranium atoms are 
separated controls the heat intensity required to heat the water. A moderator made up of greatly 
purified water and boron, which are circulating in the primary circuit, does this process. The 
secondary circuit receives heat from the primary circuit and uses it to transform water into steam. 
Turbine in this plant is then driven by the steam produced on the secondary circuit [9]. 
 
 
Figure 2: Nuclear power plant [9] 
Gas turbines form part of the conventional methods as well. In this case, natural gas or light oil is 
burnt (Figure 3). The gases that are created during the combustion process drive the turbine, this gave 
rise to this plant being called the “gas-turbines”. These plants are only used under peak demand when 
the grid is under pressure to generate sufficient electricity that is more than the demand. The cost of 
fuel required to drive these turbines is expensive thus, they can only be used during peak hours. 
Compared to thermal power plant these plants have a quick start and quick stop advantage [7]. 
 
Figure 3: Gas Turbine power generating plant [7] 
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Non-conventional power generating methods include solar and wind. Solar includes two methods of 
producing electricity which are photovoltaic solar plants and solar-thermal plants. In a photovoltaic 
solar plant (Figure 4), the solar radiation from the sun rays are collected by the panels. They are 
then converted into direct current. Inverters are used to convert the direct current into alternating 
current (AC), the AC is then used by local municipalities to provide electricity to the customers. 
 
Figure 4: Illustration of a photovoltaic solar plant [10] 
In a solar-thermal plant (Figure 5), solar collectors absorbs and directs solar radiation to synthetic oil 
(theminol) heat it up, the oil heats the water and convert it to steam. A series of high-pressure pipes 
transports steam to an onsite turbine coupled to a generator. The generator then produce electricity, 
which is sent to the customers through the national power grid [10]. 
 
Figure 5: Solar thermal power process diagram  [10] 
The technology of the wind turbine is based on the principles of a windmill generally seen in farm 
areas. The blades connected to the rotor are driven by natural wind. This creates a rotational 
movement as the winds kinetic energy is converted into mechanical since energy is transformed from 
one form to another (Figure 6). Smart sensors on the wind turbine can detect the intensity of the wind 
and its direction. Rotational movement done by the rotor produces movement on the generator, the 
rotational speed of the system is controlled by a gearbox. The mechanical energy created by the 




Figure 6: Diagram of a wind plant [11] 
2.2.2 South Africa’s Power Generation Challenges 
Eskom is South Africa’s main generator and supplier of power and has been having challenges to 
meet the demand for the past 8 years [12]. This has affected the country’s Gross Domestic Product 
(GDP) [12]. The country needs sufficient electricity to maintain and develop its manufacturing base. 
After the 2008 load shedding that was experienced by the country due to various reasons, Eskom 
continued to struggle to meet the country’s electricity demand [4]. 
The demand was increasing while the available capacity remained constant. In turn, this meant that 
outages for plant maintenance had to be delayed [4]. Outages that were planned during this period 
had to be delayed to the next year which meant that those which were to be conducted in that year 
also had to be delayed (Figure 7).  
The project delays on the construction if the new power stations like Medupi and Kusile plants, are 
not making the situation any easier [13]. The more delayed these plants are, the more pressure is 
inflicted on the operating units. Various reports in the media highlighted that the organisation 
(Eskom) had warned the government about the power crisis in 1997 but the Government was not 
convinced [12]. In the year 2004, the South African government realised that the country’s electricity 
demand was becoming higher than the supply thus having an impact on the economic growth. An 
invitation was issued on proposals that could help the country increase its electricity supply by about 
1000 Megawatts (MW) yearly as of year 2007[13]. In 2007 power shortage  came to realization and 
plans to increase power supply capacity were  four years too late as load shedding was in full effect 
in 2008 [12]. 
Now that Eskom can barely maintain 15-20% reserve margin to cater for auxiliary power and system 
availability (1800MW), planned maintenance and unplanned outages (2000MW), it has then led to 
the exhaustion of the already aged power plants that are over performing to keep the lights on [4]. 
The more outages are delayed for maintenance, the more equipment failures should be expected and 
the higher the repair costs. The outcome of such an action will lead to unplanned outages thus 
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reducing the capacity on the grid which will result in cases of using open cycle gas turbines (OCGT’s) 
and load shedding as the last option. 
 
Figure 7: An increase in Unplanned Capacity Load Factor (UCLF) due to outages that had their maintenance delayed [4] 
 
The reality of Eskom failing to meet the demand due to financial constraints and unexpected 
generation plant breakdowns has led to an increase in customer dissatisfaction and a decline in the 
GDP [13]. This meant that the country had to look at other power generating sources and technologies 
to generate electricity beside the conventional methods. This then opened room for independent 
power producers that use non-conventional methods to produce electricity such as wind turbines and 
solar plants [13]. 
2.2.3 The South African Power Generation Energy Mix 
Power generation must always be equal or superior to power consumption [7]. This allows for the 
maintenance of power generating units and a development of new businesses that will contribute 
towards increasing the country’s GDP. The South African government saw a need to have other 
alternative sources of electricity generation added to the grid in order to balance supply and demand 
[14]. Conventional methods are no longer the only methods preferred to produce electricity as 
technologies on the non-conventional methods side have highly developed and are competing with 
the conventional methods. This initiative has made Eskom change their generation model to 




Figure 8: South African power generation mix in the year 2016 [14] 
2.3 Conventional Thermal Power Plant Auxiliary Energy Consumption 
In coal-fired power stations, the source of fuel is coal. It is pulverised in fine powder that is burnet in 
the boiler to produce heat energy that is used to convert demineralised water into steam. The high 
temperature and high pressure steam is used to drive the turbine that is coupled to the generator. The 
rotation of the generator produces electricity (Figure 9) [15]. 
 
Figure 9: Eskom's Tutuka power station operational set up [16] 
A typical coal fired power station like Eskom Tutuka Power Station uses approximatly 4% of its 
generated power to supply its auxiliaries (Figure 10) which include the following [16]: 
 The main exciter for the alternator (Figure 11) 
 The water pumps (electric feed pumps)  
 Forced and induced draught fans 
 Coal handling plant including pulverising mills 
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 Ash handling plant including the electrostatic precipitators 
 General plant lighting and office space power supply 
 
In running the plant, auxiliaries in a unit that is off are energised by the power extracted from other 
running units. Once the unit is fully running, it then has the capability to run its own auxiliaries. An 
example will be a Duvha Power station unit, which generates 600 Megawatts at full load. 575 
Megawatts is sent to the grid, the remaining 25 Megawatts is used to run the auxiliary equipment on 
the turbine and boiler plant [17]. 
 
 
Figure 10: Steam generating plant illustrating the inputs and outputs [18] 
 
Figure 11: Illustration of auxiliary power being supply to auxiliary plants [18] 
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2.4 Efficiency In Power Station 
The general definition of efficiency is given as the output compared to input in a process. The 
examples of this can range from energy efficiency, economic efficiency and operational efficiency  
[18]. Cost of producing a desired output can be economic efficiency, which determines how plant 
design process and operational processes are conducted. Energy efficiency is also determined under 
economic efficiency, in reality it is possible to have plants with less energy efficiency but more 
economic efficiency  [18]. The “heat rate” is usually known as energy efficiency and is expressed as 
a percentage  [18]. Heat rate can be defined as the amount of heat needed to generate a specific output. 
The lower the heat rate, the more and higher efficiency percentage provided [18]. The relationship 
most frequently used for heat rate and efficiency in respect of electrical power generation is [18]: 
 
𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
3600
ℎ𝑒𝑎𝑡 𝑟𝑎𝑡𝑒
                                                                                                                     (1) 
 
The “capacity factor” or “load factor” is generally known as operational efficiency. It measures the 
maximum potential output as compared to the actual process output. It is a major business indicator 
but of low importance in business terms than economic efficiency [18]. Organisations like Eskom use 
the operational efficiency as a measure of how their plants perform (Unplanned Capability Loss 
Factor [UCLF] and Planned Capability Loss Factor [PCLF]) [4]. 
 





                                                                                                                    (2) 
 
Where: 
 Total unplanned energy losses (MWh) for the period = UEL  




Unplanned energy loss: UEL = (UPL x HRU)                                                                             (3) 
 
Where: 
 Unplanned capacity loss or capacity decrease in megawatts due to an unplanned event  = UPL 
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 Hours operated at reduced power (or shutdown) due to the unplanned event  = HRU 
 
Planned Capability Loss Factor (PCLF): The planned capability loss factor for each period can be 





                                                                                                                  (3) 
 
Where: 
 PUE = Total planned unavailable energy (MWh) for the period 




PCLF = 100% - (UCF% + UCLF%) Over a certain time period                                                 (4) 
 
Where: 
 Unit capability factor (%) = UCF 
 Unplanned capability loss factor (%) = UCLF 
The total planned unavailable energy for the time period is the sum total of all the planned events. 
 
The power station efficiency dealt with in this subject refers to the energy efficiency of the power 
plant based on its inputs and outputs. In a fossil-fired power plant, the inputs is heat (i.e. chemical) 
energy and the outputs are electrical power and sometimes-waste heat (Figure 12) [18]. 
  
Figure 12: Energy flow on a power plant [18] 
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The losses of interest are mostly boiler losses, steam range, feed radiation loss, and condenser losses. 
The boiler losses are made up of the following [20]. 
Heat loss: 
 in dry flue gas,  
 by evaporation of water due to the presence of H2 in fuel,  
 due to the presence of moisture in air,  
 due to the presence of moisture in fuel,  
 due to radiation (Boiler walls, Mills, flue gas ducts) and 
 due to unburned fuel.  
Losses on the steam range and feed range are mostly radiation on pipe and heat exchange vessels that 
are not insulated (HP Heater, LP heaters, Main steam pipes, Blowdown vessels and boiler drums etc) 
[18]. The condenser loss are mostly attributed to process parameters like the flow rate of cooling 
water, the pressure in the condenser, the temperature in the condenser. Radiation losses at the 
condenser are minimal as the temperatures used are not above 34˚C [21]. 
 





                                                                                                                                         (5) 
Where W is the network of the cycle and Q is the heat transfer from the high temperature body [22]. 
 
Figure 13: Simple steam power plant [23] 
Table 1 and Figure 14 show typical efficiencies for coal fired power plants from a theoretical 
perspective. Figure 14 also shows that the power cycle efficiencies are higher than those normally 
stated for power plants. This is due to the experienced plant losses, these losses include generator 
losses, turbine mechanical losses, turbine expansion losses known as isentropic expansion efficiency 
and throttling losses [18].  
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In conventional thermal power plants, efficiency is dependent on parameters like local climate 
conditions, the fuel quality and the conversion technology used. Efficiencies that can be achieved 
range from 33% to 47%  [24]. 
Table 1: Different cycle configurations showing theoretical Rankine efficiencies  [18] 
Rankine Cycle Efficiency  
(%) 
Average Temperature of heat addition 
K °C 
Basic 41.4 507 234 
Superheat 45.8 548 275 
Superheat & Reheat 47.5 566 293 
Superheat & 
Feedwater heating 
52 619 346 
Superheat, Reheat and 
Feedwater heating 
53.2 634 361 
Supercritical pressure 56.5 688 415 
 
 







2.5 Harnessing Waste Heat in Power Plants 
In section 2.3, it was noted that a conventional power plant has various losses, which cannot 
sometimes be accounted for in the overall plant efficiency calculations. The focus is on the heat lost 
due to flue gases and radiation losses, power station (boilers, condenser, turbine, exhaust stack as 
shown in Figure 15) as sources of waste heat.  
 
Figure 15: Diagram of a coal-fired generating station [26] 
2.6 Thermoelectric Generators 
The temperature gradient between the hot side and a cold side in a semiconductor or conductor 
generates a voltage. This process is called Seeback effect and it generates the electricity  [27] [28]. 
The heat transfer due to heat input through the material creates movement of charge carries, once the 
circuit is closed electrical current is generated (Figure 16). The thermoelectric voltage developed per 
unit temperature difference is called the Seebeck coefficient [27]. 
 
Figure 16: Thermoelectric generator module [29] 
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Two semiconductors form a thermocouple with different Seeback coefficients (Table 2 shows some 
Seeback coefficients for the different materials). A number of thermocouples can be connected 
electrically in series and thermally in parallel to form a module.  
Table 2: Seeback coefficients for some common elements [27] 
 
 
The output voltage is directly proportional to the amount of thermocouples used [30]. Thermoelectric 
generators (TEGs) are systems made up of one of more thermo modules that have to be cooled 
through either a heat sink or any other form of cooling system (Figure 17). The different 
thermoelectric materials have a certain temperature where their conversion efficiency is at its highest. 
Efficiency on the thermoelectric generator can be improved by increasing the temperature difference 
between the TEG [28]. 
 




An example of such a module will be the TEG2-07025HT-SS with a rated maximum temperature of 
190°C on the hot side. An experiment was conducted on this module to test for its performance under 
different temperature inputs. The temperature differences measured ranged from 50˚C to 180˚C 
(Table 30).  Estimation of the modules power at each temperature difference was computed by 
multiplying the measured output voltage and current of the module [31].  
Table 3: Output power due to ΔT between the hot and cold side on the TEG Module [31] 
Power ratings at Various temperature differences (ΔT)  
Change in 
Temperature (˚C) 
Voltage Match (V) Current Match (A) Maximum Power 
(W) 
50 0.6 1.1 0.66 
80 1.0 2.0 2.00 
100 1.3 2.2 2.86 
120 1.4 2.4 3.36 
150 1.8 3.0 5.40 
170 1.9 3.2 6.08 
180 2.0 3.4 6.80 
 
2.6.1 Seeback Effect 
Seebeck effect is the conversion of temperature differences between a cold side and a hot side of a 
thermoelectric material directly into electricity. In the basic version of TEG, the conductor materials 
used to generate Seebeck effect are two different metals or semiconductors [32]. The important design 
features for a power-generating device are the efficiency and the output power. The efficiency of is 
defined as the ratio of the electrical power output (Po) to the thermal power input (qh) to the hot 




           (6) 
The hot junction thermal power input is given by: 
𝑞ℎ = 𝛼𝑇ℎ𝐼 +
1
2
𝐼2𝑅 + 𝐾Δ𝑇                                                                                                                (7) 
Where: 
 α is the Seeback coefficient 
 Th is the temperature on the hot side of the thermoelectric module 
 I is the electrical current generated 
 R is the electrical resistance in ohms 
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 K is the total thermal conductance of the thermoelectric cooling module  
 ΔT is the temperature difference between the hot and cold side (Th – Tc) 
 
In this case, the current flows from the hot junction (p- arm) to the cold junction (n-arm) (Figure 18). 
 
Figure 18: Seeback effect [34] 
Electrical power is then computed as [33]: 
𝑃𝑜 = I
2𝑅𝐿 = 𝑉𝐼                                                                                                                                  (8) 




𝛼Δ𝑇              (9) 




                                                                                                                                               (10) 
 
and the output power is given as: 
𝑃𝑜 =  
(𝛼Δ𝑇)2
4𝑅
                (11) 
2.6.2 The Thomson Effect 
The Thomson effect gives rise to an electromotive force in the circuit by virtue of the temperature 
difference between two junctions (Figure 19) [34].  
 
Figure 19: The Thomson effect [34] 
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The reverse effect known as the Peltier effect (Figure 20) causes heat to be emitted at one junction 
and absorbed at the other when an electric current is passed through the circuit [32]. The heat absorbed 
by the lower junction per unit time is given by: 
Q = Π𝐴𝐵𝐼 = (Π𝐵 − Π𝐴)𝐼                            (12) 
Where on the entire thermocouple ΠAB is known as the Peltier coefficient with I being the current, 
ΠA is the coefficient of material A and ΠB the coefficient of material B [32]. 
 
Figure 20: Peltier effect [34] 
In general, the p-type semiconductor material have positive Peltier coefficient and the n-type material 
have a negative Peltier coefficient. The Peltier effect is the opposite of the Seeback effect. In order to 
comprehend the Peltier effect phenomenon, it can be observed that the move from a section of high 
density to a one with low density. The electrons attempt to keep the electron balance that was there 
before the current was introduced. They absorb the energy on side and release it on the other side  
[32]. 
 
An array of the thermocouples can be connected together to increase the effect. The Peltier effect is 
mostly used to thermocouples to create as solid-state heat pump system. This design of a Peltier effect 
is highly used in thermo-electric cooling (TEC)  [32]. 
2.6.3 Thermoelectric Power Generation-Materials 
Amongst all materials, metals have been the material of choice for building TEGs. As research on 
materials was on the forefront during the 20th century, Ioffe identified semiconductor materials. He 
saw that they had a higher Seeback coefficient, thus they have a phonon-transport-dominated heat 
conduction [6]. Semiconductors are used as TE materials of construction even thou metals have a 
high merit ratio for electrical to thermal conductivity. Material properties are the main contributor to 
the performance of TEGs (Table 4). The use of combinations of TE materials to design an efficient 
TEG is very important. An analysis on TE materials through comparing and exemptions is also 





Materials made from Chalcogenides are the major contributing material used for the construction of 
TEGs [6]. Bismuth telluride (Bi2Te3) and its alloys are great thermoelectric materials just under room 
temperature conditions. In order to reduce the thermal conductivity of the TEG, Bi2Te3 can be alloyed 
with Sb2Te3 or Bi2Se3  [6]. Tellurium has a few disadvantages such as being toxic, scarce and burns 
under high temperature conditions. This then makes its utilisation limited. If the Tellurium is alloyed 
with Lead to form, lead telluride (PbTe) which has great thermoelectric properties when temperatures 
are from 26.85°C-426.85°C. PbS and PbSe are other thermoelectric materials that belong to 





Table 4: Characteristics of various thermoelectric materials for power generation [35] 












Mg-Si n 380-600 1.07  
Si-Ge-Based Si0.8Ge0.2 n 730 1 Compressive 
strength 
653 MPa 
Si0.8Ge0.2 p 730 0.7 Compressive 
strength 
473 MPa 
Oxide Based NaCo2O4 p 30 – 500 1.20 – 
(Ca,Sr,Bi)2Co2O5 p 330 – 730 0.31 – 
(ZnO)5(In0.97Y0.03)2O3 n 430 – 800 0.42 – 
Zn0.98Al0.02O n 430 – 700 0.70 – 
PbTe-Based PbTe n 230 – 577 1.40 – 
TAGS-
Based 




LaTe LaTe~1.4 n –730 1.12 – 
filled- 
Skutterudites 
YbCo0.9(ptPd)0.1Sb3 n 330 – 630 0.93 – 
Ce0.12Fe0.7Co3.29 Sb12 p 330 – 630 0.3 – 
1.01 
– 
Bi-Sb-Te-Se Bi-Sb-Te-Se n, p -180 – 250 1.00 – 
Zn4Sb3-
based 
Zn4(Sb0.97Sn0.03)3 p 230 – 480 1.22 – 





Radioisotope TEGs used at high temperature applications to supply power to space devices were 
initially made from the p-type PbTe TEG material. In order to improve the performance under these 
applications the PbTe had to be replaced by an alloy of silver telluride (AgSbTe2) combined with 
germanium telluride to form (AgSbTe2)1-x(GeTe)x. This combination has grown to be known as 
TAGS. In cases where long-life span thermoelectric generators are required these alloys have been 
used successfully [6]. 
 
Silicon germanium (SiGe) alloy materials have a low figure of merit (ZT) especially the p-type 
(Figure 23). These materials can be used for both n- and p-legs in high temperature TEGs for 
temperatures greater than 626.85˚C thus making them superior compared to other TEG materials [6]. 
 
Containing rare earth materials, transition metals (Tm) and metalloids (M) makes Skutterudites 
(ReTm4M12) very complex.  The loosely constrained lattice of the dense rare earth elements rattle 
thus reducing the thermal conductivity of Skutterudites. Compared to unity around 426.85˚C, 
Skutterides has a higher figure of merit (ZT) [32]. 
 
 A new class of TE materials saw an introduction of metal oxide in the form of a two-dimensional 
electron gas (2DEG) infused in SrTiO3  [36]. A Seeback coefficient improvement of about 5 times 
the bulk is demonstrated by the 2DEG, there is also an improved figure of merit (ZT) up to 2.4 (Figure 
21). This figure of merit is two times that of traditional thermoelectric materials. The advantages of 
metal oxide TE are that is nontoxic and chemically stable at high temperatures. The disadvantage is 
that they have a weak mechanical strength and a high contact resistance at interfaces between the 
oxides and electrodes  [36]. 
 







2.6.4 Heat Transfer in Thermoelectric Generators 
Principles of heat transfer 
Heat will move from a hot body to a colder one, and can do so by the following methods [38]: 
 Conduction: This is a process where heat is directly transmitted from one body by touching 
the other, or through a continuous mass (Figure 22) [38]. The heat flux (q) resulting from 
thermal conduction is proportional to the magnitude of the temperature gradient and opposite 
to it in sign (Fourier’s Law). It is represented by equation 13 [39]. 
 




                                 (13) 
Where  
1. k is thermal conductivity (W.m-1.K-1) 
2. q is the heat flux (W⋅m−2) 
3. and 𝑑𝑇
𝑑𝑥
  (K/m)   is the temperature gradient along the thickness of the wall. 
Convection: This is heat transfer by means of a heat-carrying fluid moving over a surface [38]. In 
order for this process to occur a fluid is required in a form of a gas or a liquid, this particular fluid 
should be able to be in free motion amid a hot and cold body. Heat transfer in this process is 
complicated and is dependent on whether the flow is under natural or forced conditions. Some 
variables that affect this heat transfer mode include fluid density, the fluids viscosity, the specific heat 
capacity, the velocity of which the fluid is moving and the shape of the interacting surface [Newton’s 
law of cooling] [38].  
The heat transfer is equivalent to the heat transfer coefficient of the material in use multiplied by the 




𝑞 = ℎ (𝑇𝑤 − 𝑇∞)           (14) 
Where h is the heat transfer coefficient, Tw is the temperature of the body and T∞ is the temperature 
of the oncoming fluid. 
 Radiation: Radiation is the transfer of heat by infrared waves (but also in the visible band, 
e.g. solar radiation), in the absence  of contact or an intermediate transmission medium [38]. 
The energy emitted from a hot body is proportional to the fourth power of its absolute 
temperature (Equation 15) [23]. 
𝑞 =  𝜎𝐴(𝑇1
4 − 𝑇2
4)                                                                                                                         (15) 
σ = Stefan Boltzmann constant = 5.660x10-8 W/m2k4   
q = Radiation energy flow (J) 
T1 = Temperature of radiating body (K) 
T2 = Temperature of surroundings (K) 
A = Area of radiating body (m2) 
Heat conduction through fins 
Conduction – convective systems are designed to improve the heat transfer rate, say from products 
of combustion in a boiler to the water/steam in the high-pressure boiler or heat exchanger. This can 
be achieved by two methods, one being an increase in the convection heat transfer coefficient (h) or 
by increasing the surface area (A) [40]. The use of a fan or pump increases the heat transfer 
coefficient, alternatively this can be achieved by installing a heat sink with fins (Figure 23). This heat 
sink can be constructed from an aluminium material, which is highly conductive [40].  
 
 
Figure 23: Heat sinks (Designed from basic principles of fins) [40] 
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 Heat Sink  
In general, the heat sinks are utilised to remove heat from hot equipment (i.e electronic devices) since 
the heat removal between the heat sink and ambient air is more efficient (Figure 24). The minor 
thermal resistance between the ambient air and the heat sink gives rise to the thermal energy transfer 
efficiency [41]. 
 
Figure 24: Thermal Circuit [42] 
The heat sink keeps the device within its optimum operating temperature by increasing the removal 
of heat on the devices hot side, the heat is released to the ambient air. The thermal resistance of the 
heat sink can be calculated through empirical formulas. Just like an electrical resistor circuit that 
conforms the requirements of Ohm’s law, a thermal model similar to this can be used to analyse the 
heat dissipation. The heat sink allows heat to flow from the junction (Chip) to the case, from the case 
to the heat sink and from the heat sink to ambient air (Figure 25)  [41]. 
 
Figure 25: Heat flow through a structure composed of layers of different materials [43] 
There are two thermal resistance equations used to calculate heat flow on electrical devices, these 
cater for a use of a heat sink as per Figure 24 or having a device without a heat sink [29]. 
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1. Without a heat sink 
In order to compute the thermal resistance in thermoelectric generators, equation 16 is used. The 
thermal resistance of thermoelectric generator without a heat sink is given as the sum of thermal 
resistance between the junction to case plus the thermal resistance between the case to ambient. 
𝜃𝐽𝐴𝑇𝑜𝑡𝑎𝑙 = 𝜃𝐽𝐶 + 𝜃𝐶𝐴 =
𝑇𝐽−𝑇𝐴
𝑃
          (16) 
Where 
 ΘJATotal = Total Junction-to-ambient thermal resistance (°C/W) 
 ΘJC = Thermal resistance from Junction-to-case (°C/W) 
 ΘCA = Thermal resistance from Case-to-heat sink (°C/W) 
 TJ = Junction temperature (°C) 
 TA = Ambient temperature (°C) 
 P = Power (W) 
 
2. With a heat sink 
The thermal resistance of thermoelectric generator with a heat sink is given as the sum of thermal 
resistance between the junction to case plus the thermal resistance between the case to ambient and 
also the thermal resistance between the heat sink and ambient (Equation 17). 
𝜃𝐽𝐴𝑇𝑜𝑡𝑎𝑙 = 𝜃𝐽𝐶 + 𝜃𝑆𝐴 + 𝜃𝐶𝐴 =
𝑇𝐽−𝑇𝐴
𝑃
                                                                             (17) 
 ΘSA = is thermal resistance from Sink to Ambient (°C/W) 
The heat sink either can be cooled using natural convection or forced convection (Figure 26). Natural 
convection is defined as the fluid movement created through buoyancy forces, which come from the 
difference in densities. This is created by changes in temperature of the fluid. In an effectively 
designed natural convection heat sink operating at sea level conditions, it is estimated that about 70% 
of the heat is transferred by natural convection. The remaining 30% is through radiation. Forced 




Figure 26: (a) Natural convection and (b) Forced convection [42] 
 Heat Sink materials 
High thermally conductive materials are suitable for use in high performance heat sinks [44]. Many 
designers use copper as an alternative material to improve heat sink performance when an aluminium 
heat sink may not provide enough cooling. There are other factors that the designer needs to consider 
when selecting materials suitable for constructing heat sink. These include cost, manufacturing 
method, efficiency etc. Cost savings in the heat sink can be achieved by using cheaper materials or 
manufacturing methods that have an insignificant effect on the heat sink efficiency [44]. The 
following alloys will be discussed in detail on their applicability in heat sink construction. 
 
Aluminium Alloys 
Aluminium is the most common material used as a heat sink or conducting material and for many 
good reasons. Table 5 shows some of the commonly used aluminium alloys in the industry. It has an 
exceptionally high thermal conductivity, is easy to form and easy to machine. Aluminium is also light 
for a thermal conductive material [44].  
Table 5: Thermal conductivity of some aluminium alloys [45] 
Common Materials Conductivity (W/m°K) 
AL (Pure) 225 
AL 1100 218 
AL 6063 203 
AL 6061 167 






Brass and bronze are two, not as frequently used, materials for thermal dissipation. Pure copper has 
a high thermal conductivity. Its thermal conductivity drops due to impurities within the copper, which 
also allow it to be machined or casted. In chip carriers copper is mostly used as a heat spreader, this 
makes pure copper slug (Table 6) a popular heat sink for this application. On top of this slug, 
oftentimes, a heat sink is placed to increase cooling surface area [44]. 
Table 6: Copper and copper alloys [44] 
 Pure Copper Aluminum Bronze Bronze Red Brass 
Conductivity 386 W/(m˚K) 83 W/(m˚K) 26 W/(m˚K) 61 W/(m˚K) 




Zinc, with its good thermal conductivity (112 W/ (moK)) but not great compared to pure aluminium 
(204 W/ (moK) as seen on Table 7, not much attention is given to it in materials used to manufacture 
heat sinks. Zinc alloys may have some added benefits over aluminium. Several zinc alloys have 
unusual properties that make them rather attractive for cast heat sinks [44]. 
 
Table 7: Table of the different alloys and their thermal conductivity [45] 
Common Materials Conductivity 
(W/m°K) 
Common Materials Conductivity 
(W/m°K) 
Diamond 1000 Iron 76 
Graphite 500 Tin 63 
Copper 385 Lead 33 
Brass 120 Zinc 112 













 The Thermal Interface  
Thermal Interface Materials (TIM) such as pastes, pads, gels, adhesives or solders are used to fill the 
gap between two surfaces to optimize the thermal path between them (Figure 27). In microelectronics 
applications, silicon is used between the electric device and the heat sink material. The heat sink is 
usually made from Aluminium or Copper. In figure 27 an assembly of a power device is illustrated 
[46]. In order to minimise the thermal resistance the thermal interface material need to be thinner, in 
principle the thermal resistance cannot be reduced infinitely by creating the TIM thinner. This 
phenomenon is known to be the boundary effect in the interface between the power device base and 
the TIM, this also occurs between the TIM and heat sink material [46]. 
 













2.7 Application of Thermoelectric Generators 
Thermoelectric generators have been widely used in Waste Heat Recovery from various sectors of 
our society, industries, infrastructures, public welfare and transportations (Figure 28) [47]. 
 
 
Figure 28: Future of Thermoelectric generators [47] 
2.7.1 Transportation 
BMW ATEG Program  
TEG technologies have been developing during recent years and their utilisation in automotive 
industry has been attempted from many aspects [32]. The combustion engine emits a significant 
amount of waste heat every time it operates. This makes it possible to generate electricity-using TEGs. 
The efficiencies achieved are as low as 3% to 5% using existing TEG technologies [32]. BMW 
launched its ATEG program Vision Efficient Dynamics in March 2009. The company developed a 
prototype vehicle fitted with a thermoelectric generator on the exhaust system. They used Bismuth 
Telluride based materials, for electric power production on board [32]. 
 




A BMW 530i was used as prototype car (Figure 29). The BMW 530i reached speeds up to 130km/h 
on the highway, and produced power levels up to 200W. A figure of merit of about 0.4 was achieved 
even though there are still better TEG materials that can produce a higher figure of merit like PbTe-
synthesis. Based on the driving conditions, BMW foresee a potential saving in fuel of about 1% to 
8%, this was also justified by the tests and observations [32]. 
 
Performance of Peltier Modules  
Peltier modules have been the most economically available modules used for testing the ability of 
thermoelectric generation. Most researchers have used TEC-12706 modules to test their power 
generation capabilities.  At the Technical University of Malaysia Maleka, tests were conducted on 
how much electricity they could produce from waste heat produced by internal combustion engines 
[49]. Four TEC-12706 modules connected in series were used including heat sinks to remove the heat 
from the modules. The experiment was conducted using a car engine, with readings taken every 5 
minutes for a duration of 30 minutes (Table 8) [49].  
Table 8: Measured voltages due to temperature difference over the period of 30 minutes [49]. 
Time (Minutes) Voltage (V) Temperature Difference (°C) 
0 0 0 
5 2.6 16 
10 5.34 33 
15 7.82 49 
20 9.63 67 
25 12.58 86 
30 12.76 98 
 
The car speed was limited to approximately 50 km/h. Ambient temperature was 32-34 ºC which was 
unstable. The data collected from the four TEC1-12706 modules showed that the established 
maximum voltage was 12.76V. Due to the car engine system becoming hotter, there was a differential 
temperature increase as the hot side of the modules became hotter while the cold side remained the 
same. In Figure 30, the value of output voltage and their associated temperature difference are seen 





Figure 30: Voltage generated by the internal combustion engine [49]. 
Peltier modules TEC1-12706 were found to be able to generate voltage from the heat loss by the 
engine and exhaust system of the car. [49]. 
Motor cycles 
In Japan, a company called ATSUMITEC has recently designed a module that converts waste heat 
from exhaust gases in motor cycles into electric power that is used to power the motor cycle lights 
(See Figure 31) [47]. The module size is 35 × 35 mm and made from Fe2VAl class Heusler alloy. The 
element had an area of 5mm2 and a thickness of 5mm. At a highest temperature of 300˚C (573K), an 
output power of 0.94W was achieved. A 0.1 W/cm2 was estimated as the power density. Twelve 
improved power-generating modules were mounted around the motorcycle muffler. The motorcycle 
was running at 60km/h and the achieved voltage was 6V while the output power was 12W  [50]. 
 
 



























2.7.2 Human Body Thermal Source 
Time is a vital part of life and all people rely on time to get things done. The world has evolved so 
that conventional watch design has changed to using rechargeable batteries. The benefit is that the 
owner does not have to worry about the watch’s battery running low on charges. Research has shown 
that in general, humans are homoeothermic as they are able to generate heat and regulate their body 
temperatures. When the surroundings are cold, the hair on their skin stand up to trap atmospheric air 
so it can be used to insulate the body. Temperature is regulated in the following four methods: 
perspiration, conduction, convection and radiation (See Figure 32) [51]. 
 
Figure 32: The four methods the human body uses to regulate temperature [51] 
Watch manufacturers have taken advantage of the heat rejected by the human body, which can be 
used to recharge the watch’s battery using the TEG to convert the heat lost by the human body to 
electric power (See Figure 33) [48]. 
 





2.7.3 Domestic Applications 
In most countries where electricity is not accessible, people rely on making fire stoves that they use 
to cook and keep warm. The fuels used for the combustion is coal and recently, biomass. Research 
has shown that these stoves have a potential to generate electricity using thermoelectric generators. 
These then allow people to have access to electricity that they can use to light up their homes (See 
Figure 34). 
 
Figure 34: Biomass fired stove fitted with a thermoelectric generator [52] 
Technology is constantly changing at a rapid rate and people want to be connected all the time even 
during gatherings (e.g. Braais). Cell phones require charging, so thermoelectric generators have 
potential to bridge this gap as people are now able to charge their phones out in the wild while having 
a braai. This is all thanks to the development of portable thermoelectric power generators. The 
thermoelectric generating device can be used on oven, gas stoves and wood stove surface that emit 
waste heat. The thermoelectric generator uses the waste heat from these sources to generate useable 
electricity, which can be used to charge direct current batteries. It can also be used to provide electrical 
power to devices rated at 12V DC and 4.5V DC (See Figure 35) [53]. 
 
 




2.7.4 Industrial Applications 
Industries produce goods and services within an economy and play a vital role in the country’s gross 
domestic product (GDP). Industries rely on electricity to run their manufacturing and production 
facilities. Typical industries include power-generating industries, car-manufacturing industries and 
general manufacturing industries (pipes, wires, tyres, etc.). The major industries that have systems 
that release exhaust heat are looking into harnessing this waste heat for productive use. 
 
Komatsu TeG Application 
Komatsu industries have recently conducted tests on their thermoelectric generators in various 
industries to establish how they can convert waste heat into electricity [47]. Their first industry was 
the gas carburising furnace where they installed a thermoelectric generator to convert the heat from 
the exhaust gases into electricity. Figure 36 shows the Komatsu TEG application on a gas carburising 
furnace. KELK Ltd, started field tests of a thermoelectric generator system by the end of October 
2009 at the Komatsu Ltd’s Awazu carburizing furnace plant. Residual carburizing gas composed of 
Carbon Monoxide, Hydrogen and Nitrogen was combusted resulting in a 20-30 kilowatt flame that 
was constantly used to heat the hot side of thermoelectric generator system. A single unit of TEG 
consists of 16 of the Bi-Te thermo-modules, each of which has a size of 50 × 50 × 4.2 mm3. The hot 
side being exposed to 280˚C and cold side at 30˚C, a temperature difference of 250˚C could generate 
a power output of 24W [54].  
 
 





Sixteen modules are separated into four groups and are connected electrically depending on design 
concept. For reliability, parallel connections are used as they provide high current. In case of 
simplicity and there is requirement for high voltage, series connections are preferred. To determine 
the life span of the module, it was tested at various conditions to observe the performance. If the 
module has experienced a 10,000 heat cycles under the hot side temperatures between 250 and 50°C 
while the cold side temperature is kept constant at 30°C.  The lifetime of module will degrade by a 
minimal percentage, which allows the modules to be used for a long time [54]. 
 
Both buck-and booster-type DC/DC converters controlled by one chip computer were set up. 
Depending on the cold and hot side temperatures, the maximum power output was monitored using 
a Maximum Power Point tracking tool (MPPT). Four lead storage batteries rated at 12V-65Ah were 
charged using the electrical output from the sixteen modules combined together. DC/AC inverters 
were used to supply electricity to the light emitting diode (LED) tubes in the factory. The maximum 
delivered power was rated at 214W and only 180W was used by the batteries  [54]. 
 
They also tested the performance of their thermoelectric generators at a preheating furnace for a 
copper wire manufacturing plant. The ultimate goal was to establish how much heat can be converted 
from the side walls of the preheating furnace (See Figure 37) [47].  
 
Figure 37: Preheating Furnace diagram [47]. 
Twenty four modules made of layered oxides such as LaNiO3 for n-type, and Ca3Co4O3 for p-type 
were used during the test. The dimensions for the modules were 55×110×7.5mm and had a maximum 
figure of merit (ZT) of 0.14 at 1123K (850°C). The thermoelectric generator operated for 3000h 




Figure 38: Results from the test [47] 
 
 
Komatsu 1kW TEG System 
Komatsu Ltd. designed a 1-kilowatt class thermoelectric power generator system. This system was 
designed to extract temperatures of exhaust gases from a 500 kilowatt diesel engine cogeneration 
system. Finned type heat exchangers were placed on the eight thermoelectric modules with 
dimensions (44.5x44.5mm) and an element size of (1.95x1.95x2.15mm). Improved Bi-Te 
thermoelectric elements (161 couples in each module) were used to extract the temperature from the 
exhaust gases. The inlet gas temperature was measured to be 673K and the outlet temperatures 
measured to be 473K. Figure 39 shows output power characteristics at the first stage unit [50]. 
 






The maximum output power recorded was 146 Watts (Optimum load current was 2.75Amps and 
Open circuit voltage was 102 Volts) at 410˚C (683 K) of gas temperature. The velocity of the gas 
flow was measured to be 9.2 m/s. At the gas flow rate of 16.7 m3/min, the overall power output was 
recorded as 1060 W (Figure 39) [50]. Figure 40 shows the heat input versus the run time of diesel 
engine. 
 
Figure 40: Variation of heat input on run time [50]. 
Solar Powered TEGs 
Thermoelectric generators can function under environmental conditions subjected low temperature 
and are capable of producing power in solar ponds even though they exhibit low-grade heat. Different 
experiments were done to analyse the maximum output power from such TEG at various temperatures 
[55]. A single TEG module test, was conducted for various cooling conditions. The module had a 
continuous operating temperature of 125 ˚C. During the experiment, a highest temperature of 175 ˚C 
was recorded at the hot side of TEG while the input power at the cartridge heater was set at 160 W. 
A maximum output power on the thermoelectric generator of 2.6W was measured when the maximum 
temperature difference was 81.4˚C between the hot and cold side of the TEG [49]. Based on the 
specified solar pond applications, the thermoelectric generator was able to produce the necessary 
electrical power. Solar bonds produce at least a maximum hot side temperature of 90˚C and thus 
regarded as low grade heat. Under these circumstances, the TEGs were able to produce electrical 
power thus proving that they can be used to harness low-grade heat and convert it to electricity. To 





Three multi TEG experiments were also conducted to test for the maximum power output at different 
conditions of cooling rates and TEG module configurations (Parallel and series). The first 
experiments used a total of 16 TEG modules (TEG Plate heat exchanger) [55] connected in series. 
An increase in the temperature difference between the cold and hot side of the fluid resulted in 
proportionate increase in current output, Iout [A] and voltage output, Vout [V] [55]. The larger 
temperature differences across the TEGs is due to an increase in heat transfer, resulting in increase of 
electrical energy produced by the thermoelectric generators [55]. 
 
An increase in the power on the TEGs was brought upon by the increase in the change in temperature 
between the hot fluid side and the cold fluid side. A maximum output power graph was achieved 
when the load resistance matched the resistance of the thermoelectric generators connected in series 
[55]. Temperatures differences ranging from 20˚C to 80˚C produced output power ranges from 0.9W 
to 8.2W. The external resistance between 25.8Ω to 26.5Ω were used to obtain all maximum power 
out puts during the experiment [55]. 
 
Figure 41: TEG performance for several bulk fluid temperature differences [55]  
The second experiment done on the solar pond investigation used sixteen TEGs is a series-parallel 
connection, which established a balance between the output voltage and current. The recorded power 




Figure 42: Performance for TEGs connected in various configurations for different changes in temperature [55] 
All thermoelectric generators connected in series achieved the maximum power output while all those 
connected in parallel produced the least power output. On the TEG plate heat exchanger it was found 
that the maximum power was reduced due to the number of parallel connections. A 17% output power 
between difference was noted between the TEGs connected in series and those connected in parallel, 
while the voltage developed was proportional to the temperature difference. The current flowing 
through the cell was proportional to the heat flux. Cell resistance was also found to be inversely 
proportional to the current flow. Current flow in the thermoelectric generator was determine as 
inversely proportion to the resistance of the cell. As the thermoelectric generator modules were 
connected in series, the total resistance is the sum of individual cell thermal resistance hence voltage 
will also double [55]. 
 
The parallel-connected cells produced a low thermal resistance, having values between a thermal 
resistance of at least one and sixteen modules. Therefore, a move from an all series connection (where 
open circuit voltage is highest) towards parallel combination was done. It was noted that the output 
power reduced due to a reduction in the voltage on the circuit [55]. 
 
It was noted that the current output was very low as compared to a single TEG module concerning 
voltage and current. Voltage is large fraction of the overall power, so for any reduction in voltage 
there will be a reduction in power. Since the applied heat of flux is not changing, any changes in 




During the experiment, a highest power of 8.2W was recorded. This output power was achieved when 
the mass fluid temperature difference was set at 80˚C among all the sixteen thermoelectric generators. 
A voltage of 12.8V was measured with a current of 0.6A. A voltage of 28.8V was measured for the 
open circuit voltage, while 1.2A was measured for the short circuit current [55]. 
 
Another test was conducted with three hundreds TEGs to investigate the performance of polygon 
(decagon) TEG heat exchanger performance. A highest power of 80W of electrical energy was 
achieved from polygon TEG heat exchanger design. A 1.51 % conversion efficiency was recorded 
for this design (Figure 43) [55].  
 
Figure 43: Solar pond using polygon TEG heat exchanger generating power [55] 
In summary, Bismuth Telluride (Bi2Te3) TEG modules were found to be competitive to produce 
electrical power under low temperature and low cost environments. Furthermore, the TEG modules 
were found to perform best when configured in a series and parallel arrangements. An efficient heat 
exchanger needs to be designed to improve heat transfer [55].  
Biomass Stove TEGs 
Two experiments were conducted to evaluate how much power can be generated using TEG modules. 
In the first experiment, a single Bismuth Telluride (Bi2TE3) TEG module with a hot side temperature 
of 230°C and cold side temperature of 30°C was used. A heat input of 150W from the thermos coax 
heater was used on the hot side of the module and a heat sink with fins made from aluminium was 
mounted on the cold side of the TE module. 117°C was achieved on the cold side of the module when 
an air fan was used for cooling and a temperature of 65°C was achieved when cold water was used 




On the second experiment a series connection of four TEG modules was tested. Each cell was 
electrically tested independently (Figure 44b) to verify its individual performance. At a temperature 
difference between the two sides of about 160°C, the highest power output reached by each module 
varied around 1.7W and 2.3W [56]. The whole system was tested with the four modules connected 
in series as shown on Figure 44a [56]. 
 
Figure 44: Electric circuits with a) modules connected in series, b) modules working independently [56] 
The results of the modules tested in series are shown in Figure 45 in which a power 7W was achieved 
at a temperature difference of 160˚C between the hot and cold side of the cells [56]. Four TE modules 
have been used to demonstrate that about 6W of useful power can be achieved [56]. 
 
Figure 45: Performance of the four TE modules connected in series (experimental results [56]) 
Automobile Exhaust Mounted TEGs 
Exhaust gases in automobiles have been an attractive source to harvest waste heat to produce 
electricity. Jorgen Vazquez et al [57] investigated the harvesting of this waste heat. They selected 
different TEG fabrication materials and placed them on different locations on the exhaust system. 
Behind the exhaust manifold (operating temperature from 750°C - 1000°C), they used β-FeSi2, with 
co-doping for n-type and Al doping for p-type. The pellets were based on Si-Ge alloys [57]. Between 
the exhaust manifold and the catalytic converter (operating temperature from 400°C - 750°C), they 
used lead telluride thermos elements, type 2P and type 3N/4N. The last section was just behind the 
catalyst converter (operating temperature from 200°C - 400°C), they used bismuth telluride alloys, 





 An aluminium water-cooled heat sink was designed to remove heat from the thermoelectric 
generator. The experimental results showed that the thermoelectric generator made from BiTe 
modules obtained the best results when the vehicle was traveling at a speed of 60 km/h. this vehicle 
was climbing up a 3-5% hill using a 2-3 litres gasoline engine. The electric power produced was 193 
W (Table 9). The efficiency of the generator was established to be at 37% of the primary exhaust gas 
energy flux, 2.9% of the heat flux was generated by the electric power generated. The average 
electrical power produced by an individual thermoelectric module was approximately 12W, while the 
HZ-20 module produced 19W maximum electrical power, which is 58.3% higher [57]. 
Table 9: Generation power and conversion efficiency of the BiTe TEG [57] 
 
Table 10 shows the physical characteristics of Hi-Z TEGs. The initial results obtained in the year 
1992 for a 1000W TEG were not satisfactory as the highest output power recorded was 400W. The 
design was 600W short of the expected 1000W output power [57]. A boundary layer challenge 
regarding heat transfer between the support structure and exhaust gas was suspected as the cause for 
a 60% output power reduction from design specifications. 
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Table 10: Physical characteristics of Hi-Z generators [57] 
 
In summary, about experimental results, it was concluded that the highest electric power generated 
in TEGs for cars varies from 43W to 193W. This is an exception for TEGs designed by Hi-Z to be 
installed in trucks. During the experiment, the car was climbing the hill at a speed of 65km/h and 
electrical power generated by the TEGs. In conditions where the vehicle was idling the TEGs were 
found not to be efficient since the exhaust gas temperature range was not in sync with the optimum 
operating temperatures of the TEG materials [57]. 
Low-temperature Geothermal Resource TEGs 
Geothermal energy is known for having a stable base load, high thermal efficiency (for high 
temperature geothermal resource), and being impervious to weather changes. Geothermal power 
installed is behind solar and wind which are the preferred options by most users due to their high 
advancement in technology.  
 
Solar PV had an output power of 70GW while wind recorded about 240GW as of year 2011. 
According to Geothermal Energy Association (GEA), the total geothermal power installed in the 
world was about 11.2 GW as of May 2012. Solar PV in year 2006-2011 was sitting at 58% and went 
up to 74% in late 2011, while the annual growth rate of geothermal power was about 2% [58]. 
 
The growth rate was slow for geothermal energy usage due to high costs of capital investment, long 
returns in investments, high exploration risk, long construction time, difficulty to modularize and 
difficulty to assess resources. A large-scale usage of TEG Technology could be one of the solutions 




An experiment conducted by Liu et al [58], where they had designed a generator made up of 100 (4-
16 cm2) thermoelectric generators with a maximum power output of 500W. The thermoelectric 
generator was cooled by thirteen liquid blocks, electrical connection boxes were also used in the 
construction. Figure 46 shows the picture of the TEG power generator before it was wrapped using 
insulation material [58]. 
 
Figure 46: 1 kilowatt thermoelectric power generation before operating [58] 
To demonstrate the output of the experiment ten DC light bulbs were connected to the thermoelectric 
generator. Figure 47 shows ten 15W light bulbs switched on from a power produced by a 
thermoelectric generator, the hot side is provided by hot water at 100˚C while the cold side is cooled 
by tap water at 20˚C [58]. 
 
Figure 47: The thermoelectric power generation system lighting up ten 15W bulbs [58] 
A 1 kW thermoelectric generator was then developed by Lui et al [58] based on the outcome of the 
500W thermoelectric generator. Theoretically, the thermoelectric generator was to power about 1 kW 
at a temperature difference of 120°C between the hot and cold side. Six hundred thermoelectric 
generator modules were used for the construction of this generator. If the temperature difference can 






They concluded that the power output of the first TEG could reach approximately 500W as predicted 
using experimental data with a measured temperature difference of 200°C. When the hot side 
temperature measured was 100°C while the cold side temperature was 20°C, the temperature 
difference between the hot and cold side was 80°C. The measured output power due to the 
temperature difference was 160W. At a temperature difference of 120˚C on the second generator, an 
output power over 1kW was achieved. A 4.5 percent instantaneous efficiency of the TEG system was 
reached with an inlet temperature of about 95°C on the hot side and a temperature of 30°C on the 
cold side. This efficiency was reported to increase exponentially with the inlet temperature [58]. 
2.8 Summary of Key Literature Findings 
Based on the literature review conducted, the following key findings were made: 
 Alternative energy sources are required for the sustainability of the national power grid. They 
are also necessary to reduce the carbon foot print created by thermal power plants.  
 5.5% of the energy input into a thermal power plant is lost to the atmosphere through the 
boiler and 52.59% through the condenser. 
 Bismuth Telluride (Bi2TE3) TEG module have a great potential to harvest low temperature 
waste heat and to be used at low cost applications. 
 Thermoelectric generators have been widely used in the industry to harvest waste heat on 
vessels such as steel making furnaces etc. 
 Heat sinks are crucial in the design of thermoelectric generators as they remove heat from the 
TEG to allow it to operate at its optimum condition. 
 Thermoelectric generators have played a vital role in the vehicle and motorcycle industry 
where they have been used to reduce fuel consumption by 1-8% and can produce about 12V, 
which is used to recharge the main battery and power light of the vehicles. 
 The use of aluminium as a heat sink material has been highly used for different applications 
for cooling the thermoelectric generators from automobile applications to process plants. 
 Water cooling and air cooling are also explored in great detail and have shown to be the most 
effective in cooling thermoelectric generators.  
 The module electrical connection plays a vital role in the output power of a thermoelectric 
generator. It was demonstrated that series parallel connection is the most effective method of 






Chapter 3: Power Plant Thermal Survey 
3.1 Background Remarks  
This chapter will present details of the thermal survey conducted in the thermal power plant to identify 
the potential systems within the power plant where waste heat can be harnessed using thermoelectric 
generators. Temperature measurements were taken on the different systems to see which systems had 
the greatest potential and also taking into consideration access to the locations. The data derived from 
the exercise will form input to the selection of the thermoelectric generator module and sizing of the 
heat sink. 
3.2 Power Plant Heat Sources 
The thermal survey was conducted at Matla Power Station, which is situated just outside Kriel town 
in Mpumalanga province. It has an installed capacity of 3600MW with each unit rated at 600MW, its 
design efficiency at rated turbine MCR (%) is 37.60% [59]. 
 
To conduct the thermal survey, respective areas were identified based on three criterion’s, which were 
ease of access, heat loss quality and plant safety with regards to plant safety regulations as prescribed 
by the Power Station. Once the plants were identified, a grid method was developed to estimate the 
available area on each radiation surface (e.g. Mill plant reject system). The available areas were 
divided into equal squares, which would later on be used to estimate the size of the thermoelectric 
generator. A risk assessment on plant hazards was drafted for each plant identified for the thermal 
survey. A temperature gun was used to measure surface temperatures of the identified areas, each 
temperature was recorded. 
 
The thermal survey looks at two different systems in the power plant industry as a possible source of 
waste heat that can be harnessed, these systems are the (Air and Gas Plants, which are part of the 
boiler plant) and (Steam and Water plants, which are part of both the boiler and the condenser). On 
the air and gas plants, the milling plant, precipitation plant and air heaters were identified as possible 
sources for thermal survey. The mills and Pulverised Fuel (PF) piping is usually not insulated so part 
of the heat generated in the system is transmitted to the pipe walls, mill walls and lost to the 







On the steam and water plants which includes the boiler, turbine and condensate system, there are 
potential areas which were explored (Figure 48). Sections of the boiler blowdown vessels are 
insulated and some are open to the atmosphere thus losing heat to the environment. The boiler dead 
spaces were also considered especially the man holes since there is access to mount the modules. The 
Feed heating system and condensate system provided the following options due to access on the HP 
& IP heaters and lastly the condenser. The steam pipe work also provides a great deal of radiated heat 
loss especially at the safety valve discharge pipes. 
 
Figure 48: Matla Power Station plant schematic with possible waste heat areas [60]  
3.2.1 Thermal Survey on the Coal and Gas Side 
The milling plant 
On the milling plant, the PF piping and the mill reject system were surveyed. A grid of nine equal 
squares (374mm x 374mm) was generated on the surface of the mill reject system (Figure 49). The 
following temperatures were measured using a temperature gun (Table 11) on each grid counting 
from left to right and top to bottom on figure 49. The PF piping showed a wall temperature of 85°C 
all around with ambient temperature of 32˚C. 
Table 11: Measured temperatures on the mill rejects system 
Grid Number 1 2 3 4 5 6 7 8 9 
Temperature 
(˚C) 
88.0 84.0 64.0 87.5 83.6 65.7 83.0 71.7 59.3 






Figure 49: Mill reject system temperature distribution at the top 
The Gas plant 
The gas plant is made up of the air heater, and precipitator ducts from the boiler gas outlet during 
combustion. The potential areas where waste heat can be recovered were the secondary air heater 
man hole (Sec A/H) and gas duct man hole (3) to the precipitators (Figure 50). 
 
Figure 50: Matla Power station gas flow diagram [60] 
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A maximum metal temperature of 255°C was recorded on the secondary air heater (Sec A/H) man 
hole with only two possible areas where the thermoelectric generator could be mounted. The area is 
given as 200 ×150 mm portion on the man hole (Figure 51). 
 
Figure 51: Sec Air heater gas inlet man hole 
The outlet of the air heater towards the precipitators had a maximum metal temperature of 140°C and 
minimum of 134°C. The man hole provided a large surface area with eight sections of dimensions 
200 × 200mm (Figure 52). 
 




3.2.2 Thermal Survey on the Boiler 
On the boiler, the following areas had access to carry out thermal survey i.e. the boiler blowdown 
vessel, the boiler drum hydra steps, cold reheat header dead space man hole and the boiler pent house 
man hole. 
 
The blowdown vessel 
The blowdown vessel surface temperatures were measured to evaluate the temperature distribution 
on the inspection door (Figure 53). The minimum temperature measured on the vessel was 79.9°C 
with a maximum of 84°C. 
 
Figure 53: Temperature distribution on the blowdown vessel manhole door (Matla Power Station) 
Boiler drum hydra steps 
Boiler drum hydra steps are one of the areas in the boiler which are not insulated thus give off heat 
to the environment. The hydra steps are used to measure the drum water level during boiler operation 
(Figure 54 and 55).  
 




Figure 55: Boiler drum hydra step Indication Vessel temperature measurement 
The temperature survey showed that temperature at the steam side of the vessels were above 310°C, 
while at the transition section they were 288°C to 308°C and at the water side they were below 270°C 
(Figure 56). The area available for the use of thermoelectric generators is the side of the pipe inlet 
with an area of sizes 800 × 130mm. 
 








The boiler penthouse was formerly known as the header box. It houses most of the super heater and 
re-heater headers and stub boxes that carry the tube bundles of the different boiler pendants (Figure 
57). The man holes on this section are not insulated. A thermal survey was conducted on one of the 
doors. 
 
Figure 57: Boiler diagram showing manholes in the penthouse [61] 
The temperatures measured at one of the penthouse doors had a minimum temperature of 88°C and a 
maximum temperature of 90°C (Figure 58). 
 




3.2.3 Thermal Survey on the Turbine (Feedheating) and Condenser 
In this case, the turbine is regarded as the High Pressure (HP) & Intermediate Pressure (IP) heater 
while the condenser takes into account the steam side and water side. The HP & IP heaters are 
insulated but their support saddles are not. Therefore, the heat radiated from these units is lost to the 




The HP heater temperature survey showed a minimum temperature of 70°C and a maximum 
temperature of 89°C (Figure 59). 
 
Figure 59: Temperature survey on the HP heater support saddle 
IP Heater 
The temperatures were measured on the top part of the IP heater support saddle which was chosen as 
the suitable surface to conduct the survey where a minimum temperature of 36.3°C and a maximum 
temperature 55.98°C were recorded (Figure 60). 
 




The condenser steam and water side man holes were also surveyed to see which side of the condenser 
had the potential to be used for the experiment (Figure 61). 
  
Figure 61: Matla Power Station condenser 
The temperatures measured on the condenser steam side were 42°C to 43.3°C while on the water side 
a surface temperature of 23°C was recorded (Figure 62). All man holes are 600 mm in diameter with 
a wall thickness of 40mm. 
 
Figure 62: Steam and water side man holes on the condenser  
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Selection Criteria for selecting the plants 
The different systems had to be checked if they meet the analysis criteria as specified in the 
introduction, table 12 shows the results. The quality of heat loss is defined as temperature from 40˚C 
up to 320˚C. Safety of the personnel on site takes high priority so any plant identified as level one 
according to plant safety regulations, access will not be granted. Access in this case are the 
requirements necessary to reach the plant in a safe manner (e.g scaffolding).  
Table 12: Criteria measure for selecting the plants suitable for the thermal survey 
System Access Quality of 
temperature 
Safety Comments 
Mill Plant Yes Yes Yes Meets 
requirements 





Sec A/H outlet 
ducting 














Yes Yes No Level one plant, 
no access area 





Yes Yes No Level one plant, 
no access area 
for safety reasons 
HP heaters Yes Yes Yes Meets 
requirements 














3.3 Summary of the Temperature Survey  
Table 13 shows the materials of construction for the surveyed sections on the waste heat vessels and 
their associated wall thickness. It also summarises the surface temperatures that were measured on 
each vessel during the survey. 
Table 13: Summary of the temperature and materials of construction 
Plant area Max Temperature & Area Size Material & Wall thickness 
Coal and gas side   
1. Mill Plant 88°C 
(1122x1122mm) 
Mild steel/ 20mm 
2. Sec A/H 255°C 
2x(200x150mm) 
Mild steel/ 20mm 




Mild steel/ 20mm 
Boiler Side   
1. Blowdown Vessel 84°C 
5x(185.73x185.73mm) 
Carbon steel/40mm 










Turbine and Condenser   
1. HP Heaters 89°C 
(800x400mm) 
Mild steel/30mm 
2. IP Heaters 60°C 
(800x400mm) 
Mild steel/30mm 
3. Condenser steam side 43°C 
5x(200x200mm) 
Carbon steel/30mm 







3.4 Summary of Thermal Survey Findings  
The thermal survey showed that the boiler has a couple of vessels where the thermoelectric generators 
can be used. This included areas like the penthouse, the blowdown vessel, the hydra steps and gas 
pass sections (air heaters and associated ducting). The turbine offered a fewer options where waste 
heat could be recovered while the steam side of the condenser was the most attractive sections for 
low temperature applications with maximum temperature of 43.3°C.  The high pressure heater and 
intermediate pressure heater provided surface temperatures ranging from 36.60°C - 89°C. The 
hydrasteps provided the highest temperatures up to 317°C which indicated an attractive waste heat 
recovery site but will not be considered for the purpose of this experiment due to plant safety 




Chapter 4: Design of the Thermoelectric Generator 
4.1 Background Remarks 
In this chapter, a thermoelectric generator suitable for the experiment will be designed from the input 
of the literature review and thermal survey conducted. The design process will be established in order 
to design an optimised thermoelectric generator fit for power plant application. Material selection for 
the thermoelectric generator and heat sink will also be identified. The cost of the materials will play 
a vital role in this process and the availability of materials will be considered. Electrical connection 
for the thermoelectric generators will be established to achieve the maximum voltage output on the 
thermoelectric generator. A 3D model will be developed based on the different design inputs, working 
drawings will be developed and used for the construction of a prototype that will be used during the 
experiment. 
4.2 Design Process 
The design process to be used in the development of the thermoelectric generator will first define the 
need for the design, once that has been established conceptualisation of the design will be conducted 
based on similar work that has been done as stipulated in the literature review. Detail design will then 
be done based on the different inputs from literature review, best engineering principles. The 
manufacturing will be done based on the outcomes of the detail design. If the initial test of the 
prototype is deemed unsuccessful the design will be optimised. 
 




Define the problem: Design a thermoelectric generator that can be used to harness waste heat on the 
identified waste heat sources at power station.  
Conceptual Design: Conceptual design will be dealt with on equipment bases (e.g TEG Module, 
Heat sink etc). 
Detail Design: The detail design will use the outputs from the conceptual design of each equipment 
that will form part of the design for the prototype. 
Prototype: The prototype will be constructed based on the outputs of the detail design 
Evaluation: The built design for the prototype will be lab tested to determine if it meets the design 
requirements and addresses the problem statement. 
Acceptance: If the prototype is tested at lab conditions and meets the requirements, it will be used as 
is during the experiment. If it fails the evaluation in any way (e.g Heat sink too small, Teg Module 
undersized etc) it will be redesigned to meet the design requirements. 
4.3 Module Selection 
In order to design the thermoelectric generator, a thermoelectric module needs to be selected, the 
inputs to this design are the heat source temperature, cost of the module and availability in the country. 
Three thermoelectric modules were explored, a TEC1-12706 which is commercially available in 
South Africa, A custom thermoelectric module 1261G-7L31-04CQ and TEC thermoelectric module 
TEG2-07025HT-SS. These modules, specifications and costs are summarised in the table 14. 
Table 14: Summary of important aspects of the three thermoelectric modules widely used 




Voltage and Current: 15.2V and 6A 
Delta Temperature: -30 to 70˚C 





Voltage and Current: 7.5V and 1.56A 
Delta Temperature: 25 to 320˚C 





Voltage and Current: 2V and 3.4A 
Delta Temperature: 180˚C 







In the thermal survey, it was identified that the temperature range for areas where waste heat can be 
harnessed have a range of 22°C to 317°C. It was also noted that the high temperature areas were off 
limits for the purpose of this experiment due to the need for special access permits. This only then 
allowed for a temperature range of 22°C to 89°C. Table 15 shows the selection criteria used to select 
the most suitable module for the application, the selection criteria was defined as cost, temperature 
and availability. 
Table 15: Selection criteria 
Module Type Cost Temperature (Below 100˚C) Availability 
TEC1-12706 
(Natram) 
Low Acceptable Yes 
1261G-7L31-04CQ 
(Custom thermoelectric) 
High Acceptable No 
TEG2-07025HT-SS 
(TEC) 
High Acceptable No 
 
A decision was therefore made to select a TEG module with a maximum operating temperature of 
100oC on the hot side. A Bismuth Telluride module designed for a hot side temperature of 100°C and 
30°C on the cold side was therefore selected for the test module. The other TEG modules were almost 
16 and 10 times the cost of the TEC1-12706 and their temperature allowable (320 and 180˚C) were 
above the design requirements. This forms part of concept design for the thermoelectric generator. 
 
The detail design for a thermoelectric generator will use the outcome of choosing TEC1-12706 as the 
suitable module for the application. Literature has shown that one of the biggest thermoelectric 
generator built was a 1kW rated output power [57], to size the number of modules required it will 











A Ferrotec design approach was chosen for the sizing of the thermoelectric generator and the number 
of modules [62]. Thus, a Natram thermoelectric module was selected for the experiment (TEC1-
12706) with an operating temperature of 70°C see Table 16 for technical specifications. 
Table 16: Natram thermoelectric module TEC1-12706 technical specifications [62] 
Parameter Value Units 
Temperature hot side (Th) 373.2 K 
Temperature cold side (Tc) 303.2 K 
Change in temperature (ΔT) 347.2 K 
Average temperature (Tavg) 338.2 K 
Number of couples in module (Nc/Nnew) 127 - 
Module output current (I) 6 Amps 
Electrical power output (Po) 1000 Watts 
 
In order to achieve 1000W power output on the thermoelectric generator, the seeback coefficient, 
resistance and thermal conductance of the module needs to be calculated in order to estimate the 
amount of modules required. The following section uses iterative methods that were developed by 
Ferrotec to design thermoelectric generators. 
4.3.1 Calculating Seeback Coefficient of the Selected Module at Average Temperature 
In order to evaluate the Seeback coefficient, the change in temperature between the hot and cold side 
must be greater than 0°C (DT>0). At both temperatures the Seeback coefficient must be evaluated, 
using the following expression [62]: 
 




                                                                                                                            (19) 
 
 SMTh = Module’s Seeback coefficient at the hot side temperature Th (volts/°K ). 
 SMTc = Module’s Seeback coefficient at the cold side temperature Tc (volts/°K ). 
The specified equation for the coefficients are suitable for temperatures ranges from -100°C to 
+150°C. They are also developed from a standard industry module with 71 couples and 6 ampere 
[62]. The module coefficients used to calculate the Seeback coefficient are presented in Table 17. 
 
 















Table 17: Module coefficients [62] 
SM is the Seeback coefficient of the module in volts/°K,  
T is the average module temperature in °K, S1-S4 are coefficients for a Module with 71-






The calculated values are as follows: 
𝑆𝑚𝑇ℎ =  7.94 𝑉𝑜𝑙𝑡𝑠   
𝑆𝑚𝑇𝑐 = 5.79 𝑉𝑜𝑙𝑡𝑠   




= 0.031 𝑣𝑜𝑙𝑡𝑠/°𝐾  
The calculated Seeback coefficient is for a 71-couple with a 6-amp current module. Therefore, a 
parameter conversion for other modules with different number of couples (configurations) is 
evaluated as follows [62]: 
𝑆𝑛𝑒𝑤 = 𝑆𝑚 ×
𝑁𝑛𝑒𝑤
71
                                                                                                                   (20) 






= 0.055 volts/°K  
 
4.3.2 Calculating the Module Resistance at Average Temperature 
In order to evaluate the module’s electrical resistance, the change in temperature between the hot and 
cold side must be greater than 0°C (DT>0). The average module resistance must be evaluated at both 
temperatures Th and Tc using the following expression [62]: 
 




                                                                                                                         (22) 
 RMTh = Module’s resistance at the hot side temperature Th (Ω). 
 RMTc = Module’s resistance at the cold side temperature Tc (Ω). 
The module’s coefficient for resistance calculations are presented on Table 18. 















Table 18: Module coefficients to calculate the module resistance [62] 
RM is the resistance of the module in ohms,  
T is the average module temperature in °K, r1-r4 are resistance coefficients for a Module 






The calculated values are as follows: 
𝑅𝑚𝑇ℎ =  434.6 𝑜ℎ𝑚𝑠   
𝑅𝑚𝑇𝑐 = 320.50 𝑜ℎ𝑚𝑠   




= 1.63 𝑜ℎ𝑚𝑠/K 
The calculated resistance of the module is for a 71-couple with a 6-amp current module. Therefore, a 
parameter conversion for other modules with different number of couples (configurations) is 
evaluated as follows [62]: 
 






                                                                                                           (23) 












= 2.92 𝑜ℎ𝑚𝑠/𝐾  
 
4.3.3 Calculating the Module Thermal Conductance at Average Temperature 
In order to evaluate the thermal conductance, the change in temperature between the hot and cold side 
must be greater than 0°C (DT>0). The thermal conductance must be evaluated at both temperatures 
i.e. Th and Tc using the following expression [62]. 
 




                                                                                                                            (25) 
 KMTh = Thermal conductance at the hot side temperature Th (Watts/°K). 
 KMTc = Thermal conductance at the cold side temperature Tc (Watts/°K). 
The module’s coefficients for conductance calculations are presented in Table 19. 
 















Table 19: Module coefficients to calculate the module thermal conductance [62] 
KM is the thermal conductance of the module in Watts/°K,  
T is the average module temperature in °K, k1-k4 are thermal conductance coefficients 






The calculated values are: 
𝐾𝑚𝑇ℎ =  134.70 𝑊𝑎𝑡𝑡𝑠  
𝐾𝑚𝑇𝑐 = 110.52 𝑊𝑎𝑡𝑡𝑠  




= 0.35 𝑤𝑎𝑡𝑡𝑠/°K 
The calculated thermal conductance of the module is for a 71-couple with a 6-amp current module. 
Therefore, a parameter conversion for other modules with different number of couples 
(configurations) is evaluated as [62]: 






                                                                                                           (26) 












= 0.62 𝑤𝑎𝑡𝑡𝑠/°𝐾  
 
4.3.4. Design Module Power Prediction  
The power output of the selected TEC1-12706 for the target operating conditions of a hot side 
temperature of 100°C and 30°C cold side needs to be determined since its module Seeback coefficient 
and thermal resistance have been computed. The power is given as the Seeback coefficient multiplied 
by change in temperature to the power two, all divided by four times the thermal resistance as given 














= 1.27 𝑤𝑎𝑡𝑡𝑠  
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4.3.5. Required Number of Modules for the Application  
Therefore, in order to achieve a design power output (Po) of 1000W, the number of modules (NT) 
required using the TEC1-12706 is given as the thermoelectric generator output power divided by the 











= 790 ≈ 800 𝑚𝑜𝑑𝑢𝑙𝑒𝑠 
4.3.6. Heat Transfer Across the Thermoelectric Generator Module 
Heat absorbed by the module 
In order to estimate the heat absorbed and removed from the TEC1-12706, the thermoelectric 
generator internal properties are assumed not to be dependent on temperature and are constant [55]. 
At the hot and cold junction, the rate of heat supplied and heat removal can then be estimated 
respectively as follows [55]: 
𝑄ℎ = (𝐾𝑝 + 𝐾𝑛)(𝑇ℎ − 𝑇𝑐) + (𝛼𝑝 + 𝛼𝑛)𝐼𝑇ℎ − (0.5 × 𝐼
2 × 𝑅)                                                   (29) 
Let  
 (Kp+Kn) = KM,  
 (αp+αn) = SM and  
 R = RM 
Where Kp and Kn are thermal conductivity of P and N type TEG legs. Th and Tc represent the hot and 
cold junction temperatures respectively. αp and αn are the Seeback coefficients of the P and N type 
TEG legs respectively while R is the circuit resistance, I is the electrical current in the circuit [55]. 
 
Therefore: 
𝑄ℎ = (𝐾𝑀 × (𝑇ℎ − 𝑇𝑐) + (𝑆𝑀 × 𝑇ℎ × 𝐼) − (0.5 × 𝐼
2 × 𝑅𝑀)                                                   (30) 
𝑄ℎ = (0.62 × 69.95) + (0.055 × 373.2 × 6) − (0.5 × 6
2 × 2.92) = 113.74 𝑤𝑎𝑡𝑡𝑠  
Heat removed from the module 
𝑄𝑐 = (𝐾𝑀 × (𝑇ℎ − 𝑇𝑐) + (𝑆𝑀 × 𝑇𝑐 × 𝐼) − (0.5 × 𝐼
2 × 𝑅𝑀)                                                    (31) 
𝑄𝑐 = (0.62 × 69.95) + (0.055 × 373.2 × 6) − (0.5 × 6
2 × 2.92) = 90.68 𝑤𝑎𝑡𝑡𝑠  
The heat absorbed is the heat energy applied to the thermoelectric generator while the heat removed 
is the amount of heat reject to the environment. In the case where the temperature difference in 
between the modules changes and the current, both the heat absorbed and heat removed on the module 
will change. This might affect the size of a heat sink required to cool the thermoelectric generator. 
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4.3.7 Selecting a Heat Sink 
Thermoelectric generators require heat sinks in order to remove the heat from the cold side in order 
to prevent the soldering from melting. A thermal circuit in Figure 62 shows the different heat transfer 
sections of thermoelectric generator with a heat sink. In electronic device design applications, the 
junction temperature (Tj ) of a device is measured in degrees Celsius. In typical microelectronic 
applications, the allowable Tj values range from 115°C to as high as 180° C for some electronic 
control devices where [63]: 
 Tc = Temperature of the device case in (˚C). It is highly dependent on the location of 
measurement, it is a true representative of the highest local temperature of the case. 
 Ts = Temperature of heat sink in (˚C). A true representation of the highest temperature of a 
heat sink at the location closest to the device. 
 Ta = Temperature of the ambient air in (˚C). 
 
Figure 64: Thermal resistance circuit [63] 
Taking into account the hot side maximum continuous rated temperature of the TEC1-12706 is at 
100°C, the thermoelectric generator will be operating at ambient cold temperature, hence the required 








= 0.77°𝐶/𝑊  




                                                                                                                           (33) 
The case temperature required for continuous operation of the thermoelectric module provided by the 
manufacturer is 70°C. The case to sink thermal resistance of the device when heat sink is at minimum 






= 0.44°𝐶/𝑊  
The resistance between the casing and heat sink is dependent on the heat transfer compound and the 
surface area where it is applied. A thermal grease with a thermal impedance (θTG) of 0.201°C-in
2/W 
will be used. The dimensions of the module 40×40mm (1.57in x 1.57in). In order to estimate the 
thermal resistance between the casing and heat sink, the thermal resistance will be given as thermal 









= 0.081°𝐶/𝑊                                                                                                            
The heat sink thermal resistance (Rsa) is computed as the thermal resistance from junction to ambient 
minus the sum of the thermal resistance from junction to casing (Rjc) and the thermal resistance from 
casing to heat sink (Rcs). 
𝑅𝑠𝑎 = 𝑅𝑗𝑎 − (𝑅𝑗𝑐 + 𝑅𝑐𝑠) = 0.25°𝐶/𝑊                                                                                        (35) 
A suitable heatsink must have a heat sink resistance of 0.25K/W. The desired heat sink will be 
constructed from aluminum (Al 6063) which is commercially available and is mostly used for heat 
sink applications. This type of heat sink material has a thermal conductivity of 203 W/mK. The 
convection coefficient of the fin for air is between the range of 10 to 100 W/(m2K) [65]. It is assumed 
that the convective coefficient of air under natural convection conditions is 20W/m2K [66].  
 
Table 20 shows the dimensions of the heatsink to be used for the application. The dimensions of the 
heat sink are based on the mounting space available on the vessels as defined on chapter 3. The length 
of the heatsink is based on the dimensions of the TEG modules (40x40mm). Standard extruded heat 











Table 20: Heat sink technical specifications [67]   
Parameters Values Units 
Aluminium (Al 6063)   
Number of fins (Nfin) 20  
Width (W) 200 mm 
Length (L) 100 mm 
Fin Thickness (tf) 2 mm 
Heat sink Height (H) 40 mm 
Base thickness (c) 5 mm 
Fin Height (Hf) 35 mm 




Estimating Gap between fins  
In order to get the most effective heat transfer, the gap between the fins needs to be computed using 








= 8.42𝑚𝑚  






Figure 65: Diagram showing heat sink dimensions [61] 
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Estimating the Area of the Base 
Once the gap between the fins is computed, the area of the base can then be computed where it is 
defined as difference between less one the number of fins multiplied by the gap between the fins and 
length of the heat sink i.e [68]. 
𝐴𝑏𝑎𝑠𝑒 = (𝑁𝑓𝑛 − 1) ∙ 𝑏 ∙ 𝐿                                                                                                           (37) 
𝐴𝑏𝑎𝑠𝑒 = (20 − 1) ∙ 8.42 ∙ 100 = 16000𝑚𝑚
2 
 
Estimating the Fin Area 
The area taken up by the fins on the heat sink is computed as two times the height of the fins multiplied 
by the length of the heat sink [68]. 
𝐴𝑓𝑖𝑛 = 2𝐻𝑓 ∙ 𝐿                                                                                                                                (38) 
𝐴𝑓𝑖𝑛 = 2 ∙ 35 ∙ 100 = 7000𝑚𝑚
2  
Estimating the Fin efficiency of the heat sink 
Fin efficiency is defined as the actual heat transferred by the fin, divided by the heat transfer were the 
fin to be isothermal (hypothetically the fin having infinite thermal conductivity) [65]. This is then 









𝐿𝑓                                                                                                                          (40) 
 Lf = Hf = Fin height 
 hf  = Convective heat transfer coefficient for fin 
 k = Thermal conductivity 
 tf = Fin thickness 




35 = 1.99  




= 0.485  




4.3.8 Designed Heat Sink Resistance Estimation 
The efficiency that was calculated above can then be used to calculate the heat sink thermal resistance 








= 0.17𝐾/𝑊  
 
Design check 
Literature states that the chosen heat sink design resistance based on the dimensions and material 
must always be lower or equal to the calculated system thermal resistance of the heat sink side [64]. 
In Table 21 the calculated heat sink resistance was computed as 0.25K/W which is higher than the 
designed heat sink at 0.17K/W. Therefore, the selected heat sink material and dimensions are feasible 
for the application. 
Table 21: Heat sink thermal resistance comparison 
Calculated heat sink resistance (K/W) Designed heat sink resistance (K/W) 
0.25 0.17 
 
Selected Heat sink specifications 
The heat sink that was selected was an extruded aluminium heat sink that was found locally with the 
following Dimensions (Figure 66). 
 




4.3.9 Electrical Connection Requirements 
Literature has shown that connecting thermoelectric generators in series / parallel (Figure 67C) 
configuration provides the optimum design which provides a balance between voltage and current 
[69]. The series configuration provides higher voltage and less current (Figure 67A) while the parallel 
connection provides higher current at a lower voltage output (Figure 67B) [69]. 
 
Figure 67: A) Series Connection - Total Power Output = 24W, Voltage = 12 V, Current = 3 A. Note: each TEG voltage is added 
together while current remains the same as for one TEG. B) Parallel Connection - Total Power Output = 24W, Voltage = 3V, 
Current = 12A. Note: each TEG current is added together while voltage remains the same as for one TEG. C) Series-Parallel 
connection - Total Power Output = 24W, Voltage = 6 V, Current = 6 A. Note: Two TEG’s in series (add voltage together) in parallel 
with the two TEG’s in series. 
The thermoelectric generator contains 20 modules rated at 6 Amperes in current and 15.2 Volts. To 
produce optimum circuit, the modules were connected in a series - parallel connection (Figure 68).  
 
Figure 68: Series-Parallel connection of the modules 
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To predict the output voltage of the generator, the following assumptions were made. One is that the 
total number of modules (NT) in the generator is given as the number of modules connected in series 
(NS) Multiplied by the number modules connected in parallel (NP) [62]. 
NT = NSxNP                                                                                                                                  (43) 
 The output voltage is given as the average Seeback coefficient multiplied by the change in 
temperature i.e. [70].  
𝑉𝑜 = 𝛼Δ𝑇                                                                                                                                                    (44) 
The designed thermoelectric generator is made up of 20 modules connected in series / parallel 
arrangement. This means that the number of modules connected in series is ten (Figure 68) while the 
number of modules connected is parallel is two making the total number of modules equivalent to NT 
= 10 x 2 = 20 Modules (Figure 69). To compute the required output voltage for the designed 








)0.055Δ𝑇 = 0.275Δ𝑇                                                                                                        (46) 
Equation 46 will be used to estimate the theoretical voltages of the thermoelectric generator installed 
at the different waste heat vessels. 
4.4 Prototype Design for the Experimental Thermoelectric Generator 
Based on the heat sink dimensions (200×100mm) and the TEC1-12706 dimensions of 40mm x 40mm, 
only ten modules will be connected in series to provide the maximum voltage (Figure 66A).  The 
prototype design will use the surface areas of the two heat sinks to fit twenty modules, one heat sink 
having a maximum of ten modules (Figure 69). The two TEG’s with ten modules connected ins series 




Figure 69: CAD Design of the thermoelectric generator using 10 Modules connected in series 
The assembly of the full prototype will then be placed on the designated vessel for the experiment 
(Figure 70). 
  









4.5 Concluding Remarks 
The design of the thermoelectric generator was based on the thermal survey and best engineering 
practices. The dimensions of the thermoelectric generator ware estimated to be 200 x 100mm based 
on available thermal survey area grids that were developed on the heat loss surfaces of interest. The 
selection of the thermoelectric generator was selected based on three criteria’s being cost, temperature 
and availability. The TEC1-12706 was selected as best module as it met the design requirements with 
a maximum delta Temperature of 70˚C. A 1000W power output was assumed to estimate the amount 
of thermoelectric generators modules required, it estimated that approximately 800 modules will be 
required. 
The experiment only requires at least 20 Modules that will be mounted in two 200 x 100mm heat 
sinks with each having 10 Modules. An aluminium heat sink was sized based on the design 
requirements with the final dimensions of  200 x 100 x 40mm and 20 fins. A series parallel connection 
was adopted for this design in order to optimise the performance of the generator, this provides a 
balance between current and voltage during operation.  
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Chapter 5: Experimental Set Up 
5.1 Background Remarks 
In this chapter, the experimental programme implemented for this investigation is presented. The 
experiment is comprised of two parts, the laboratory based experiments and the plant based 
experiment. The experimental variables on the experiment are also defined and the thermal survey 
results are used to predict the experimental results theoretically. 
5.2 Aim of Experiment 
The aim of the experiments was to measure the voltages generated by the TEG’s under varying 
conditions for both laboratory and plant setups. 
To conduct the experiments, permission had to be granted by the Engineering Manager of the plant 
in order to get access to the vessels. A risk assessment had to be conducted prior to any tests being 
done at the power station. The Responsible Person (RP) from mechanical maintenance was leading 
the exercise of drafting the risk assessment to identify any plant risks (tripping the unit, plant damage 
due to experiment etc.) and safety risks to the person conducting the experiment (electrical shock, 
working at heights etc.). A limited access register had to be obtained from the plant operator to alert 











5. 3 Detail of Experimental Set up 
The experiment was be conducted by connecting the thermoelectric generator (TEG) to the waste 
heat source and attaching the thermocouples on the hot and cold side to measure surface temperatures. 
The tests will be conducted for the different experiments as shown in the general layout in Figure 71. 
 
Figure 71: General experimental layout for the TEG’s tests 
The experimental layout for the tests was divided into two sections, one being the LAB set up (With 
a Fan and without a Fan) and second on the plant set up (With a fan and Without a fan). 
 
5.3.1 LAB Experimental Lay Out 
Two heat sources were used to provide a heat flux on the hot side of the TEG’s, each heat source 
hosting one series-parallel connected TEG generator. Thermal paste was also used to increase the 
heat transfer between the heat source surfaces. The TEG was cooled through natural draft (Figure 
77A) and through force draft using a high velocity fan (Figure 77B).The TEG generators where 
connected in series and voltage measured at the terminals. Temperature was recorded for the duration 




Figure 72: A) Lab Experiment set up without a fan, B) Experiment set up with a fan 
5.3.2 Plant Experimental Lay Out 
On the blowdown vessel, no drilling or clamping equipment was allowed without having the re-design 
of the equipment being approved by the plant’s General Machinery Regulator (GMR 2.1), who is 
responsible for the safety of all plant operations. Wires were therefore used to attach the TEG’s to the 
blowdown vessel walls (Figure 73).  
 
Figure 73: A) Plant Experimental set for the blowdown vessel without a fan on blowdown vessel & B) Plant experiment set up with a 
fan on the blowdown vessel 
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On the other systems such as the mill reject system, IP heater and HP heaters the modules were placed 
on the flat surface. The set up comprised of two series connected modules, which were tested in a 
series-parallel configuration. Ambient temperatures were monitored using a thermocouple, there was 
a set of two thermocouples to measure the surface temperature of the blowdown vessel door (Th) and 
one to measure the temperature on the heat sink (Tc). Natural draft and forced draft using a high 
velocity fan were used to cool the heat sink. A Pico data logger was used to record the live 
temperatures from the thermocouples straight to the laptop computer. A multi-meter was also used to 
measure the output voltage on the system. To gain access to the areas, scaffolding was erected` to 
allow access. Figure 74 shows the experimental set up of the other systems for natural draft conditions 
and forced draft conditions. 
 
Figure 74: A) Plant experiment set up on the mill reject system without a fan, B) Plant experiment set up on the mill reject with a fan, 





5.4 Materials Used in the Experiment 
5.4.1 Thermoelectric Generator 
The thermoelectric generators, as designed in Chapter 4, is made up of ten TEC1-12706 modules 
mounted onto an aluminium heat sink which are connected in series as shown in Figure 75. 
 
Figure 75: 10 Tec-12706 Modules connected in series on an aluminium heat sink 
5. 4.2 Thermal Grease 
Deep cool Z3 thermal grease (Figure 76) was used as a thermal interface material between the TEC1-
12706 modules and waste heat vessel. The thermal grease has a Thermal Impedance of 0.201℃-
in2/W, a thermal Conductivity of 1.134 W/m-K and an operating temperature range of -50°C- 300°C 
[71]. 
 
Figure 76: Deep cool Z3 thermal grease 




5.5 Equipment Used in the Experiment 
5.5.1 Retaining Wires 
Retaining wires were made from galvanised steel. They were used to secure the thermoelectric 
generators in position on some of the locations. 
5.5.2 Multi-meter 
A DT820 Multi-meter (Figure 77) was used for measuring voltage and current. The voltage range for 
this multi-meter was 200mV-1000V and current range of 200uA-10A. 
 
Figure 77: DT820 Multi-meter 
5. 5.3 Thermocouples 
Three K type thermocouples (Nickel-Chromium / Nickel-Alumel) were be used to measure 





5. 5.4 Temperature Gun 
A Benetech GT750 Non-contact Digital Infrared Thermometer with a temperature measurement 
range of –50°C to 750°C was used to measure surface temperatures on the systems [72]. 
 
 
Figure 78: Infrared Thermometer (Temperature Gun) 
Technical specifications 
The technical specifications for the infrared thermometer are as follows [72]:  
 Model: Benetech GT750 
 Measuring range: –50°C to 750°C 
 Accuracy: 0°C ~750°C (32°F ~1382°F)+/-1.5°C/+/-2.7° or 1.5% -50°C~0°C(-58°F~32°F)+/-
3C/+/-5°F 
 Resolution: 0.1 °C or 0.1 °F 
 Repeatability: ±1%of reading or ±1°C 
 Response time: 500mSec,95%Response 
 Spectral response: 8-14μm 
 Emissivity adjustable: 0.10 ~ 1.00 (Pre-set at 0.95) 





5. 5.5 Thermocouple Data logger and Laptop 
An eight channel Pico TC 08 thermocouple data logger with a temperature measurement range from 
–270°C to +1820 °C, was used for temperature data logging. It was USB connected to the data logging 
laptop as shown in Figure 79.  
 
Figure 79: An 8-channel Pico TC08 data logger connected to the HP Laptop 
5. 5.6 High Velocity Fan 
 A 46cm diameter high speed velocity Goldair fan  with a minimum airflow rate of 2800CFM and 
maximum airflow rate of 4000CFM was used for forced convection cooling of the heat sink. It is 
rated at 100W for a voltage of 230V and a frequency of 50Hz. 
5. 5.7 Two Electric Irons (LAB Experiment) 
Two electric irons were used as heat sources with the technical specifications presented in Table 22. 
Table 22: Steam iron technical specifications 
 Bonus Home steam iron Logik steam iron 
Model 8296-794-31361 LSI-200 
Rating 220V-AC/50Hz 230V AC/50Hz 








5. 6 Experiment Procedure 
Experimental tests were conducted under both laboratory and plant conditions two methods were 
used to conduct the experiments i.e. the natural convection setup for cooling the heat sink followed 
by a fan driven forced convection. A laboratory test was conducted under these two conditions 
(Natural cooling and Forced draft cooling). A similar experiment was conducted with the TEGs 
mounted on selected positions in the plant. This was also done for both natural cooling and forced 
convection cooling.  
The Purpose of this procedure is to provide a step-by-step guideline to conduct an experiment on 
thermoelectric generators under laboratory conditions and plant conditions. 
5.6.1 Lab Experiment Procedure 
The following steps address the procedure of the experiment under lab conditions for both natural 
draft and forced draft conditions. 
Step 1: 
 Apply the thermal contact paste on the heat source 
 Mount the TEG on the heat source. 
 Connect the heat sources to the power supply 
 Secure the TEG in place with maximum possible contact pressure 
 
Step 2: 
 Connect all the TEG for the required configuration. 
 Check that each module is active (working) by placing the thermoelectric generator on the 
heat source and measuring the voltage at each module 
 
Step 3: 
 Connect a thermocouple on the heat source to measure hot side temperature. 
 Connect a thermocouple on the heat sink to measure the cold side temperature. 
 Use calibrated infrared temperature gun to verify temperature of the heat source. 




Step 4:  
 Measure if there is voltage generated by the TEG and record it every one minute for fifteen 
minutes. 
 Record temperature of the hot and cold side during the experiments. 
 If there is voltage and it is enough to be used by an appliance, then an appliance can be 
connected. 
 If the appliance is connected then measure the current across. 
Under forced draft conditions connect the fan to the power supply, once the heat source have 
developed a thermal flux, switch on the fan to maximum CFM to cool the Heat sink. 
 
5.6.2 Plant Experiment Procedure  
The following steps were followed to conduct the experiments: 
Step 1: 
 Have a permit to work on the plant and a risk assessment. 
 Clean the surface for effective heat transfer between the heat source and TEG device. 
 Apply the thermal contact paste. 
 Mount the TEG on the heat source. 
 Secure the TEG in place with maximum possible contact pressure. 
 
Step 2: 
 Connect all the TEG for the required configuration. 
 Check that each module is active (working) by placing the thermoelectric generator on the 
heat source and measuring the voltage at each module. 
 
Step 3: 
 Connect a thermocouple on the heat source to measure hot side temperature. 
 Connect a thermocouple on the heat sink to measure the cold side temperature. 
 Use calibrated infrared temperature gun to verify temperature of the heat source. 




Step 4:  
 Measure if there is voltage generated by the TEG and record it every one minute for fifteen 
minutes. 
 Record temperature of the hot and cold side during the experiments. 
 If there is voltage and it is enough to be used by an appliance, then an appliance can be 
connected. If the appliance is connected then measure the current across. 
Under forced draft conditions connect the fan to the power supply, once the heat source have 
developed a thermal flux, switch on the fan to maximum CFM to cool the Heat sink. 
Experimental Matrix 
The experimental matrix (Table 23) is made up of four variables that will be measured during the 
experiment, this being the ambient temperature (TA), hot side temperature (TH), cold side 
temperature and output voltage (V) on the thermoelectric generator. 













1 TA1 TH1 TC1 V1 
2 TA2 TH2 TC2 V2 
3 TA3 TH3 TC3 V3 
4 TA4 TH4 TC4 V4 
5 TA5 TH5 TC5 V5 
6 TA6 TH6 TC6 V6 
7 TA7 TH7 TC7 V7 
8 TA8 TH8 TC8 V8 
9 TA9 TH9 TC9 V9 
10 TA10 TH10 TC10 V10 
11 TA11 TH11 TC11 V11 
12 TA12 TH12 TC12 V12 
13 TA13 TH13 TC13 V13 
14 TA14 TH14 TC14 V14 




5. 7 Experimental Variables 
Table 24 shows the independent variables for this experiment as the temperature, while the dependent 
variables are voltage and current. The fixed variable being the size of a thermoelectric generator. 
Table 24: Experimental variables 
Independent variable Dependent variable Fixed (or control) variables 
Temperature Voltage Generator size 
 Current  
 
5.8 Concluding Remarks 
The chapter outlines the experiment set up as well as the materials and equipment to be used to 
execute the investigation. An experimental procedure detailing a systematic process to be followed 
to do the experiment under both lab and plant conditions. An experimental matrix was also developed 




Chapter 6: Results and Discussion 
6.1 Background Remarks 
The results of the experimental tests that were conducted are presented in this chapter. The laboratory 
tests were conducted at the Department of Mechanical Engineering Science workshop (University of 
Johannesburg), while the second part of the tests were done in the power station on different vessels. 
The plant tests were conducted at Eskom Matla Power station in December 2018. The data collected 
for each test is presented and the results of data analysis discussed.  
6.2 Experimental Predictions 
Using the thermal survey and literature review, expected results from the three different heat sources 
could be predicted and later on compared to the actual plant results. The thermal survey used were 
for the blowdown vessel, mill reject system and the IP heater. 
6.2.1 Blowdown Vessel Predictions  
Based on the temperature profiling in chapter three, the blowdown vessel surface temperatures (Table 
25) were used to predict the performance of the thermoelectric generator to produce voltage.  
 
Table 25: Output voltage for the thermoelectric generator at different temperatures on the blowdown vessel door 
Hot Temperature (°C) Cold Temperature (°C) ΔT (°C) Output Voltage (V) 
30.0 30 0.0 0.0 
79.9 30 49.9 13. 7 
80.0 30 50.0 13.8 
83.0 30 53.0 14.6 
84.0 30 54.0 14.9 
 
The voltage predicted according to equation 45 shows that a minimum voltage of 13.7 volts was 
achieved at a change in temperature of 49.9°C. A maximum voltage of 14.9Volts can be expected 
when the change in temperature between the series – parallel thermoelectric generator at a change in 




Figure 80: Predicted Output Voltage vs Measured Temperature Difference on The blowdown vessel manhole  
6.2.2 Mill Reject System Predictions  
Similar temperatures on the mill reject system were measured. The top part of the mill reject was 
chosen as the suitable surface to conduct the tests. The measured values were those documented in 
Table 26 while graphically presented in Figure 81. 
 
Table 26: Output voltage for the thermoelectric generator at different temperatures on the mill reject 
Hot Temperature (°C) Cold Temperature (°C) ΔT (°C) Output Voltage (V) 
30 30 0 0 
59.3 30 29.3 8.1 
59.7 30 29.7 8.2 
64.0 30 34.0 9.4 
71.7 30 41.7 11.5 
83.6 30 53.6 14.7 
84.0 30 54.0 14.9 
83.0 30 53.0 14.6 
87.5 30 57.5 15.8 

































Figure 81: Total Output Voltage vs Temperature Difference on the mill reject system top 
6.2.3 IP Heater Support Saddle Predictions  
Finally, the temperatures were measured on the top part of the IP heater support saddle, which was 
chosen as the suitable surface to conduct the tests. The measured values were also documented in 
Table 27, and graphically presented on Figure 82. 
Table 27: Output voltage for the thermoelectric generator at different temperatures on the IP heater support saddle 
Hot Temperature (°C) Cold Temperature (°C) ΔT (°C) Output Voltage (V) 
30.0 30 0.0 0 
36.3 30 6.3 1.73 
37.1 30 7.1 1.95 
38.1 30 8.1 2.23 
38.9 30 8.9 2.45 
39.7 30 9.7 2.67 
39.8 30 9.8 2.70 
48.6 30 18.6 5.12 
55.0 30 25.0 6.86 






























Figure 82: Total Output Voltage vs Temperature Difference on the IP heater support saddle 
6.2.4 Voltage Output with Respect to Time  
To obtain the maximum voltage output, we will assume that the maximum temperature measured in 
each vessel deviates by ±1°C over a period of 15 minutes (Table 28). This will then imply that the 
hot temperature side of the vessel will range between the max and min temperature measured on the 
each vessel (equation 46). 







































Change in temperature (°C)
94 
 
Table 28: Vessel Voltages and change in temperature over a period of 15 minutes 
 Blowdown Vessel Mill Reject System IP Heater Support Saddle 
Thmean = 84°C Thmean = 88°C Thmean = 55.98°C 
Time 
(Minutes) 
ΔT Vo ΔT Vo ΔT Vo 
1 0 0 0 0 0 0 
2 54 14.85 58 15.95 25.98 7.14 
3 53 14.58 57 15.68 24.98 6.87 
4 55 15.13 59 16.23 26.98 7.42 
5 54 14.85 58 15.95 25.98 7.14 
6 53 14.58 57 15.68 24.98 6.87 
7 55 15.13 59 16.23 26.98 7.42 
8 54 14.85 58 15.95 25.98 7.14 
9 53 14.58 57 15.68 24.98 6.87 
10 55 15.13 59 16.23 26.98 7.42 
11 54 14.85 58 15.95 25.98 7.14 
12 53 14.58 57 15.68 24.98 6.87 
13 55 15.13 59 16.23 26.98 7.42 
14 54 14.85 58 15.95 25.98 7.14 
15 53 14.58 57 15.68 24.98 6.87 
 
The different systems showed a 1°C deviation from the mean and was graphically represented on 




Figure 83: Voltage output on the vessels vs Time 
6. 3 Laboratory Experiment Results (Natural Draft Cooling) 
The laboratory experimental set up was used to test the performance of the designed thermoelectric 
generators before they were applied to the plant. The laboratory test made use of two electrical 
resistance wire heat sources. Each generator was tested alone (Figure 84) to see how much voltage it 
can produce at a given temperature and to ensure that all the modules were properly connected to 
prevent short circuiting. The second part of this experiment was to measure current generated when 
the ten series connected modules were connected in parallel (series-parallel connection). 
 

































Thermal paste was used to increase the thermal contact between the heat source and the thermoelectric 
generator. The temperature data was recorded every minute for 15 minutes using a laptop. Voltage 
measurements were taken every minute using a multimeter. This experiment was done for all the four 
sets of series connected modules.   
6.3.1 Results for the 10 Modules Connected in Series Configuration 
The output voltage obtained is presented in Figure 85. It shows that in the first seven minutes, the 
TEG generator was operating at its optimum as the temperature difference was within the 70°C 
specified by the manufacture. It also shows that the higher the change in temperature (+75°C to 85°C) 
above the module mechanical design (70°C), the voltage drops drastically as the heat sink has also 
reached equilibrium in terms of heat rejection to the environment (Figure 85).  
This means that in the 15 minutes, the series connection could produce a maximum voltage of 14.33 
Volts. The high hot side temperature created a challenge on the ceramics as they started to crack after 
cooling down. The variation of temperature of the heat source was due to the electrical heat source 
used which had a thermostat that helps control the temperature. 
 
Figure 85: Performance of the 10 Modules connected in series at different changes in temperature 
6.3.2 Results for the 20 Modules Connected in Series-Parallel Configuration  
Two of the tested 10 modules connected in series were then connected in parallel. The results showed 
a maximum voltage of 6.8 volts and minimum voltage of 4.4 volts. A similar pattern of voltage 
dropping with time was also observed (Figure 86). This was due to the heat sink no longer able to 

















































Figure 86: Series-parallel connection output voltage vs time at different changes in temperature 
The short circuit current was also measured using the multimeter every minute. The current was also 
observed to drop with every voltage change across the modules. The variation of measured voltage 




Figure 87: Current vs output voltage at every change in temperature on the modules 
 
 
To determine how much power the series-parallel set up can generate, the voltage was multiplied 
with the current. With a maximum of 0.884W recorded, the relationship between output power and 






































































































Figure 88: Output power vs output voltage of the system at different changes in temperature 
The use of 20 modules connected in series-parallel could produce a maximum voltage of 14.33 Volts, 
which is higher than that of a standard car battery. The current measured was large enough to power 
an LED light, drive a fan and even charge a smart phone as shown in Table 29. 
 
Table 29: Electrical power requirements for different appliances that were tested using the thermoelectric generator 
 PC Fan Samsung Cell phone LED Light 
Voltage (Volts) 12 3.8 12 
Current (Amp) 0.17 1.3 0.22 
























































6.4 Plant Test Results (Natural Draft Cooling) 
The plant tests was conducted on three different plant systems both in the turbine and boiler plant. 
The first test was conducted on the blowdown vessel manhole door. This was the most suitable 
location on this vessel as it is not insulated thus allowing easy access to place the modules. Secondly, 
the mill rejecting system was also used to test the performance of the modules discussed above. The 
Intermediate Pressure (IP) heater support saddle on the turbine plant was also available to conduct 
the tests. 
6.4.1 Blowdown Vessel Test Results and Discussion 
The tests was conducted for a duration of 15 minutes only measuring the voltage on the series parallel 
connection of the TEG’s. Generated voltage was recorded every minute corresponding to the 
temperature measurement interval set on the Pico data logger. A plot of the hot side (blowdown 
vessel) temperature and cold side (Heat sink) was also plotted to explore how the temperatures varied 
throughout the duration of the experiment (Figure 89).  The graph shows that the temperature was 
stable over the measurement period, while the ambient remained constant. 
  
 

































The voltage measured was plotted against the time (Figure 90). The voltage decrease due to a decrease 
in the temperature difference between the hot side and the cold side as shown on figure 89. It is also 
noted that the hot side temperatures decreases after 8 minutes, which has an effect on the temperature 
difference. The voltage drop for the duration of the 15 minutes is 38%. The maximum voltage 
measured was 3.64V at a temperature difference of 38.1°C. 
 
Figure 90: Experimental voltage output vs time for the modules connected in series-parallel configuration on the blowdown vessel 
door 
The voltage values are much smaller than what was achieved under laboratory conditions and the 
theoretical prediction. A couple of reasons could have been responsible for this. One is the 
atmospheric temperature on the test date which was measured to be 41˚C. The second could be the 
poor thermal contact between the module and the heat source. Although thermal paste was applied to 
improve thermal contact, the tension of the wires holding the modules to the surface, as shown in 

























































6.4.2 Mill Rejection System Results and Discussion 
Values gathered during the experiment were documented in terms of temperature difference and 
voltage measured. The temperature plot was also done in order to quantify the distribution of 
temperature across the heat source surface and heat sink (Figure 91). The hot side temperature was 
varying during the test, it recorded a minimum hot side temperature of 56.9˚C and a maximum value 
of 64.8˚C.  
 
 
Figure 91: Logged temperature during the experiment 
 
A maximum voltage of 2.23 was recorded at temperature difference of 10.88°C, while a minimum of 
1.65 V was recorded at a temperature of 23.05°C (Figure 92). This is a contradiction to how 
thermoelectric generators operate since the expectations is the higher the temperature difference the 
higher the voltage. At one minute to the thirteenth minute, the voltage was stable at ±2 Volts that is 




























Figure 92: Voltage vs change in temperature on the mill reject system 
Figure 92 shows that the voltage achieved is too low compared to theoretical prediction and thus the 
voltage drop with time is drastic over the period of 15 minutes. The hot side temperature was also 
dropping during the experiment. The ambient temperature measured was 43˚C while the heat sink 
surface temperature was between 43.1 to 44.6˚C, the higher surface temperatures of 3.6% above 
ambient reduced the cooling rate of the modules thus reducing the change in temperature. 
 
The Literature also recommends that the TEG’s must be loaded to apply compressive forces that will 
enable maximum heat transfer between the surface and TEG’s. In this experiment there was no 
external loading placed on the modules but just the mass of the modules and the heat sink.  
 
6.4.3 Intermediate Pressure (IP) Heater Support Saddle Results and Discussion 
Two TEG’s were connected parallel to each other and the thermocouples were then placed on the 
heat sink and support saddle top surface to measure the temperature of the hot and cold side. To fully 
observe the effects of high cold side temperatures, the measured cold side temperature and the hot 












































Figure 93: Hot, cold side ambient temperature on the IP heater support saddle 
This test was also carried out over a period of 15 minutes. The voltage across the system was recorded.  
A maximum voltage of 2.14 V was measured across the modules at a temperature difference of 
13.73°C (Figure 94). It was also noted that the hot side temperatures were increasing with time starting 
from the third minute, it managed to stabilise at ±55˚C for a period of three minutes. It then dropped 
to 54˚C then increased to 56˚C in five minutes. The cold side temperature was also climbing with 
time from 39.7˚C to 41.5˚C over the period of fifteen minutes. This phenomenon produces a voltage 
drop rate of 0.1Volt/minute, with each measured voltage being constant for at least 2 minutes between 
the period of (4-5, 7-8, 9-10, 11-13 & 14-15) Minutes. 
  
Figure 94: Voltage vs time over the change in temperature in the IP heater 
 
From the data presented in Figure 94, it can be concluded that the IP heater provides relatively low 
hot side temperatures and very high cold side temperatures which are about 4.3% higher than ambient 




































































This is also affected by the environmental temperatures around the IP heater due to the HP heater, 
which constantly radiates heat to the environment. The other aspect to note is the temperature 
distribution along the length and breadth of the surface of the thermoelectric generator. The sections 
closer to the walls of the IP heater measured temperatures above 50°C as shown in Figure 59. The 
temperatures away from the wall decrease to below 40°C. This would imply that not all the modules 
along the breadth and length of thermoelectric generators experienced the temperature measured by 
the thermocouple on the hot side.  
6.4.4 Comparison of Plant Performance 
The obtained voltages for the different systems tested are compared in Figure 95. This includes 
findings from the blowdown vessel, Mill reject system and IP heater. 
 
Figure 95: Measured voltage vs time for the three vessels 
Figure 95 shows that the Blowdown vessel recorded the highest voltages. The voltage variation for 
the three vessels displaced the same behaviour with respect to time, with general decrease with time. 
The mill reject system voltage remained stable from the fourth minute up to the tenth minute. On the 
IP heater, the voltage dropped steadily from the second minute of the experiment. The magnitude of 
the voltages measured are different due to the hot side temperatures of the systems and their ambient 
temperatures during the test. These hot and cold side temperatures created different temperature 


























Figure 96: Change in temperature on each system over the experiment test time 
6.5 Results with Forced Draft Cooling 
The second part of the experiments involved the use of a fan to improve heat rejection from the heat 
sink i.e. the cold side of the TEG’s. Literature has shown that heat sink used in conjunction with 
forced draft fans or heat exchangers work well in removing heat from the TEG’s [62].  
6.5.1 Single Thermoelectric Generator Laboratory Results and Discussion 
The measured temperatures on the hot side ranged from 24.00°C to 50.44°C, while the cold side 
temperatures ranged from 24.00°C to 24.66°C over the measurement period of 15 minutes (Figure 
97).   
 

























































Figure 98 shows the output voltage vs the time in conjunction with the temperature difference 
duration the experiment. A maximum voltage of 12.7V was recorded with a hot side temperature of 
50.44°C, this contradicts theoretical predictions as the temperature difference is 28°C. The 
expectation under these conditions is that the hot side temperatures should be at least around +100°C. 
This then implies that the thermocouple come loose during the experiment as the tape lost grip, the 
fan then cooled the thermocouple to the extent that the actual hot side temperatures measured were 
reduced. 
  
Figure 98: Voltage vs change in temperature 
The output voltage varied during the first 5 minutes of the experiment and stabilised thereafter. This 
was enabled by the constant cold side temperature that remained below 24.66°C (Figure 98).  
 
This means that the fan supported the heat sink by removing the rejected heat from the modules thus 
being able to provide steady state voltage across the modules, with a maximum of 12.59 V, which 
settled around 12.29 V.  Under natural draft conditions a maximum voltage of 14.33V was achieved, 
this voltage is 12.1% higher than the voltage achieved under forced draft conditions. The use of the 
fan also provided a steady state load of about 12V with the cold side temperatures remaining below 






















































6.5.2 Results for Series Connected Thermoelectric Generators 
The maximum hot side temperature was measured to be at 61.3°C while the maximum cold side 
temperature was measured to be at 26.3°C (Figure 99). It was also noted that the cold side temperature 
remained below 26°C and averaged around 25.4°C for the duration of the experiment. 
  
Figure 99: Logged temperature for the two TEG's vs time 
The voltage measured had a maximum value of 14V and a minimum voltage of 12.7V during the 
period of the experiment (Figure 100). 
  
Figure 100: Voltage and change in temperature over the experiment duration 
The two TEG’s produced a constant output voltage just above 13 Volts which is higher than what a 
standard car battery is rated at (12V). There was an immediate spike from 0 volts to 14 Volts after a 
minute into the experiment this is due to measurements being taken a minute or two after the TEG 





































































 There were some slight deeps after 13 minutes during the experiment. This is due to changes in 
temperature difference in one of electric heaters since the thermostat function was not disabled.  The 
use of a high velocity fan to cool the heat sink was effective, as the output voltages remained constant 
for most part of the experiment. The same goes for the cold side temperatures, which remained 
constant below 26.6˚C. The maximum voltage measured under forced draft conditions was 14V 
which was 51.4% higher than that measured under natural draft conditions sitting at 6.8V, this was a 
great improvement. 
 
The measured output voltage around 13V is enough to power some low current appliances such as 
LED lights (Figure 101), computer fans and cell phone chargers (Figure 102). 
 
Figure 101: Two TEG's modules powering an LED light and driving a computer fan 
 
Figure 102: Two TEG's charging a smartphone and powering a computer fan 
LED Light 
P = 8W 
V = 12VDC 
Computer Fan 
P = 2.04W 
I = 0.17A 
V = 12VDC TEG’s 




6.6 Plant Tests with Forced Draft Cooling 
The second phase of this experiment was also conducted on the three systems as before i.e. the 
blowdown vessel, the mill reject system and the IP heater. In this experiment, a high speed fan was 
used to cool the heatsink. Two thermoelectric generators were used for these tests.  
6.6.1 Blowdown vessel Results and Discussion 
An average temperature difference of 43.3˚C was calculated, the temperature on the cold side 
remained relatively constant with a slight increment of 1.28°C while temperature on the hot side had 
a maximum value of 76.67°C and a minimum of 67.89°C (Figure 103). 
  
Figure 103: Logged temperature vs duration of the experiment 
It was noted that the output voltage remained constant for the duration of the experiment, with a 
maximum value of 3.95V and minimum value of 3.86V (Figure 104). The average voltage for the 
period of 15 minutes was computed as 3.7V. The cold side temperatures were above ambient 































Figure 104: Voltage vs change in temperature on the blowdown vessel under forced draft conditions 
The average temperature difference 43.3˚C was calculated for the duration of the experiment while 
the use of the fan kept the cold side temperature within a deviation of 1.28°C. This had a significant 
impact on the measured output voltage. A maximum voltage of 3.95V was recorded on the TEG’s 
which was enough to charge a cell phone with a battery rated at 3.7V. It was also noted that there was 
not enough tension on the wires to ensure that all the modules are in thermal contact with the 
blowdown vessel wall. This reduced the amount of voltage that was produced. Under natural draft 
conditions, the maximum measured voltage was 3.6V while under forced draft it was 3.95V, there is 



























































6.6.2 Mill Rejection System Results and Discussion 
The hot side temperature decreased with time while the cold side temperature increased. This reduced 
the temperature difference on the system thus reducing the output voltage (Figure 105). Cold side 
temperatures increased up to 12.4˚C above ambient temperature. 
  
Figure 105: Logged temperature vs duration of the experiment under force draft conditions 
It was also noted that the higher the temperature difference, the higher the output voltage on the 
system (Figure 105). The maximum voltage was 4.5V at the maximum temperature difference of 
47.7°C.  
  
Figure 106: Output voltage vs time on the mill reject system with forced cooling 
The voltage of the thermoelectric generator was decreasing with every minute while being exposed 



























































The air vent line on the mill reject system affects the local environment temperature thus increasing 
the cold side temperatures. This in turn requires a fan to push colder air to counteract the increase in 
local environmental temperature. This system is promising in terms of being a vessel used to mount 
TEG’s for electricity generation. This is proven by the amount of voltage produced even with minimal 
thermal contact to the TEG modules. The high velocity fan plays a vital role is cooling the heatsink 
and keeping the cold surface temperatures low, in this case it struggled as the vent constantly rejected 
warm air to environment. 
6.6.3 IP Heater Support Saddle Results and Discussion 
The temperature on the cold side remained constant around 33 degrees with the highest deviation of 
0.68°C from this mean. This shows that the high velocity fan was effective in cooling the heatsink 
thus keeping the cold side temperatures low (Figure 107). Hot side temperatures from 4 minutes to 9 
minutes seem suspect as they are very close to cold side temperatures, this could imply that the duct 
tape came loose during the experiment and the hot side thermocouple was then measuring 
environmental temperature. 
  
Figure 107: Temperature vs time for the IP heater under forced draft conditions 
The resulting temperature differences were relatively low thus producing very low output voltages 



























Figure 108: Voltage vs Change in Temperature on IP Heater 
The highest voltage output was seen at 8 minutes with a maximum value of 2.78V and the minimum 
voltage was recorded at the first minute of the experiment. A downward gradient after 8 minutes 
showed that the voltage was decreasing as a result the decrease in change in temperature (Figure 108). 
 
Based on the data presented above, the fan was very effective in cooling the heatsink as the 
temperatures remained constant. There was a 22.2% improvement in output voltage with respect to 
the natural draft conditions where the maximum voltage was 2.14V. The maximum voltage that was 
achieved under forced draft conditions was 2.75V. The loose thermocouple on the hot side created 
















































6.6.4 Performance Comparison 
Using forced draft to cool the heatsink, it was therefore necessary to check which of the three vessels 
performed best in terms of output voltage of the duration of the experiment. The data established is 
presented on Figure 109. 
 
Figure 109: Comparison of output voltage comparison of the three vessels  
The mill reject system produced the highest voltage under forced heat source cooling followed by the 
blowdown vessel. The IP heater is clearly the most unfavourable vessel for mounting TEG’s to 
produce electricity using TEG’s due to low temperatures on the surface. The blowdown vessel 
achieved during the experiment is 12.8% less than what was achieved on the mill reject system while 


































6.7 Natural draft cooled TEG,s vs Forced draft cooled TEG’s 
Theoretically, all the three systems presented great potential of producing output voltages from the 
thermoelectric generators, the quality of output voltages differs as per the systems hot and cold side 
temperatures. The theoretical values took into consideration that the temperature in each system 
deviates by ±1°C without forced draft. The mill reject and blowdown vessels had voltages above 12V 
while the IP heater had voltages above 6V over the duration of 15 minutes. It was therefore necessary 
to compare the theoretical values achieved based on the systems temperature profile with the actual 
plant measurements under natural draft and forced draft conditions. Figure 110 shows a graphical 
representation of the achieved voltages during the experiment. 
 
Figure 110: Output voltage comparison 
The voltage achieved during the experiment was much lower than the theoretically predicted values. 
On the blowdown vessel under natural draft conditions, the voltage achieved was 75.9% less than the 
theoretical, while under forced draft conditions it was 73.9% lower than theoretical value. On the mill 
reject system under natural draft conditions the output voltage was 86.3% less while under forced 
draft condition it was 72.1% less than the predicted value. The percentages on the IP heater were 
71.2% under natural draft conditions and better at 62.9% under forced draft conditions. The use of a 































Theoretical Mill reject system
Theoretical IP heater
Natural draft Blowdown vessel
Forced draft blowdown vessel
Forced draft Mill rejection
system
Forced draft IP Heater
Natural draft Mill reject system
Natural draft IP heater
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6.8 Thermal Contact Between the Waste Heat Surface and TEG’s 
To fully understand these results, and the factors that affected them, a re-look at the measured 
temperature distribution on thermoelectric generators during the tests (Cold side of the TEG) was 
necessary. 
6.8.1 Blowdown Vessel  
Temperatures were measured using temperature gun at three spots along the TEG. This position 
included the top (Position 1), middle (position 2) and bottom (Position 3) of the module according to 
Figure 111. 
 
Figure 111: TEG's cold side temperature distribution 
Based on the surface temperature that was measured using the temperature gun on the thermoelectric 
generators, it was noted that the temperatures on position 1 and 2 remained around 33°C, while at 





Figure 112: Cold temperature distribution along the length of the TEG 
The two top wires between position 1 and 2 on Figure 111 were not providing enough compressive 
forces to create sufficient thermal contact with the heat transfer surface. Figure 112 shows that the 
temperatures measured on the cold side at position 3 were higher than those in position 1 and 2. The 
loading F1 and F2 were less than that provided by F3 on the blowdown vessel (Figure 113). Therefore, 
positions 1 and 2 did not have sufficient thermal contact as the thermal distribution along the TEG 
was not uniform. The expectation is that the temperature distribution on the thermoelectric generator 
must be uniform along is length, this implies that the temperatures at position 1,2 & 3 should be the 
more or less similar. The deviation will only occur if the temperatures on the heat source change. 
 
Figure 113:  Load distribution on the blowdown vessel provided by the steel wires 
Based on the design of the TEG’s with 10 modules connected in series, 5 on each side. The probability 
is that the last four modules around position 3 were at maximum thermal contact thus providing most 
of the voltage measured (Figure 1113 at load F3). 
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6.8.2 Mill reject system 
A similar analysis was also conducted on the mill reject system. These measurements were conducted 
after the experiment was complete (after 15 Minutes). Surface temperature on the heat sink was 
measured at positions T1 to T3 (Figure 114). 
 
Figure 114: Cold side temperature distribution on the mill reject system 
The cold side temperatures at TEG 1 [Module set 1] position 1 and 2 were stable around 59°C while 
showing a 6°C drop at position 3. TEG 2 [Module set 2] at position 1 showed the highest temperature 
while position 2 and 3 showed a temperature value above 53°C (Figure 115).  Going back to the 
temperature profiling in chapter three, it was noted that at the location where TEG 2 was placed, the 
mill rejects system showed relatively low temperatures on the surface. 
 




The surface of the mill reject system is not uniform (Not flat/uneven surfaces) as shown in Figure 
116.  
 
Figure 116: Uneven surfaces on the heat source 
Therefore, the TEG modules were unevenly distributed along the length of the surface of the mill 
reject system thus affecting the heat transfer as some modules saw lower temperatures than predicted.  
6.8.3 The Intermediate Pressure (IP) heater  
Surface temperatures were also measured on the thermoelectric generator heat sinks during the test 
on the IP heater at positions T1 to T3 (Figure 117). 
 
Figure 117: Cold side temperature distribution on IP heater 
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The IP heater also showed a similar pattern as the mill reject system where the surfaces were uneven 
thus reducing the heat transfer contact surface area at position 1 and 3 (Figure 118). This greatly 
affected the recorded voltage as it was lower than what was predicted. 
 


















6. 9 Benefit of using thermoelectric generators on a power plant 
The technology of thermoelectric generators can play a vital role in reducing the power used from the 
units to power auxiliary systems. In order to validate the feasibility of this technology in power plant 
applications, a case study was reviewed. This case study was based on using plant lighting as an 
example on where thermoelectric generators can be applied. Lighting around the power station is 
essential to provide visibility to employees conducting work in a safe manner. 
 
6. 9.1 Case Study: Using TEG’s to power up the Power Station boiler lights 
Power station boiler areas are usually dark by design. In order to improve visibility, lights can be 
installed in strategic places. These lights can be designed to provide the brightness as per the standard 
requirements [73]. Eskom uses the specification shown in Table 30 on their lights. 
 




Voltage 220-250 V 
Current 0.45A 
Standard SABS890 
Supplier LASCON ULTRA 3338 
 
The fluorescent lights are known to be energy efficient and therefore recommended in most industrial 
lighting applications.  Taking the systems that had temperature below 100˚C and their estimated area 
for mounting TEG’s, an electrical power survey was determined for plant applications such as 
lighting. The blowdown vessel door and pent house door (Figure 119) had output voltages of 50.6W 





Figure 119: A) Five TEG's mounted on the blowdown vessel door based on the available area, B) Eight TEG's mounted on the boiler 
penthouse door available area 
A similar exercise was conducted at the HP heater and IP heater where nine TEG’s can be installed 
on the support saddles. On the mill reject a maximum of sixteen TEG’s can be installed instead of 
eighteen because on the air ventline and the support lug that take up space for the other two TEG’s 
(Figure 120). The HP heater could produce a maximum power 20.9W, while the IP heater can produce 
a maximum power of 8.6W. The mill reject system can produce at least 33.9W. 
 
Figure 120: A) Nine TEG’s mounted on the available surface area on the HP heater support saddle, B) Nine TEG’s mounted on the 





The five systems had different electrical connections to provide the optimum current and voltage, 
Table 31 shows the summary of the estimated output voltage and power for the different plants. 
Table 31: Estimated output voltage and power on the different systems with associated TEG's 
 
 
Commercially, there are LED lights available to operate with 12VDC source. The use of a 1200 
Lumen LED light, which operates using a 12V DC source, can be the best means to use the technology 
on a small scale thus reducing the amount of power consumed from the auxiliary supply power from 
the grid. Most of the LED lights operate at a current of ±0.4A which can be achieved by the TEG 
generator connected in a series parallel connection as per the proposed design and demonstrated in 
section 6.3.3. 
 
The maximum voltage on the mill rejection is about 25V (Table 31) which is twice the voltage that 
would be required to power the LED light, this implies that at least two lights can be removed from 
auxiliary power supply and connected to the TEG system that is mounted on the mill reject system. 
An additional three lights can be powered by the TEG’s mounted on the blowdown vessel and boiler 
penthouse door with 24V and 17V respectively. This can relieve the auxiliary power three five lights 
that could be powered by waste heat. 
 
The capability of the TEG was demonstrated on the experiment to prove that the electricity generated 
can drive an electric fan rated at 0.17A and a LED light rated at 0.67A. In total, the two devices used 
about 0.84A on the thermoelectric generator which is higher than the 0.4A most commercial LED 







6. 10 Concluding Remarks 
The designed thermoelectric generators were tested under laboratory conditions where they showed 
output voltages above 12V both under natural draft and forced draft conditions, the use of fan 
improved the performance of the thermoelectric generator by about 51.4%. They showed a significant 
potential of being used to harvest waste heat.  
 
On the first set of plant tests which was under forced draft conditions, the thermoelectric generator 
performed best on the blowdown vessel and mill rejects system with maximum voltages of 3.64V 
and 2.23V. Under forced draft conditions, the temperature different was uniform in the blowdown 
vessel and mill rejects system. The output voltages also improved by using the fan to cool the 
heatsinks, the blowdown vessel having a maximum voltage of 3.94V while the mill rejections system 
was 4.5V. The IP heater proved to be unsuitable as a waste heat recovery system due to low 
temperatures, the maximum voltages under both natural and forced draft conditions were 2.23V and 
2.78V. All experiments were conducted safely under plant safety regulations. 
 
The experiment also proved that the thermoelectric generators could be connected in series-parallel 
to produce the ultimate balance between current and voltage. The design of the prototype proved to 
be user friendly and easy to move around the power station during the experiment. The thermoelectric 
generators also proved that they could harness low-grade waste heat on system like the IP heater, 




Chapter 7: Conclusions and Recommendations 
7.1 Background Remarks 
The aim of the investigation was to determine the feasibility of using thermoelectric generators in 
power plants to recover waste heat. Literature was reviewed to establish the need for the use of this 
technology in power plants and methods to design a suitable thermoelectric generator for this 
application. A thermal survey was conducted at Matla Power station to establish the suitable plant 
sections were waste heat can be recovered and estimate the surface area available to mount the 
thermoelectric generators. 
 
The findings from the literature review and plant thermal survey were then used to design a suitable 
thermoelectric generator using TEC1012706 Modules. Two sets of ten modules connected in series 
were connected in parallel to each other to form the prototype used in the experiment. An 
experimental set and procedure for both lab and plant testing was developed. The experiment was 
conducted under lab and plant conditions using natural draft and forced draft for cooling.  
 
The data achieved during the experiment was captured and interpreted, the results were discussed. 
The findings were used to draw conclusions in this chapter and provide recommendations. 
7.2 Conclusions 
Based on the results obtained, the following conclusions can be made: 
 The aim of this investigation was to establish the feasibility of using thermoelectric generators 
for recovering waste heat in power generating plants and converting it into electricity. 
Thermoelectric generators were found to be able to convert waste heat from the Blowdown 
vessel, Mill reject system and IP heater into electricity. 
 Thermoelectric generators have been widely used in various applications to convert heat into 
electricity, this includes solar ponds, automobiles, refinery plants and biomass stoves. The use 
of thermoelectric generator as an alternative technology to produce electricity is becoming 
popular with them used for different applications. 
 The designed experimental program was found to be effective in determining the performance 
of the thermoelectric generators. The lab experiments set the baseline for the results that can 
be achieved in the plant under both natural draft and forced draft conditions, stable output 
voltages between 12V to 14V were achieved. The plant experiments produced voltages lower 
than those predicted under lab conditions with voltages as low as 4.5V. 
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 Experiments were conducted at the blowdown vessel, mill reject system and IP heater, these 
experiments were conducted under natural draft and forced draft conditions produced voltages 
lower than what was predicted for each plant condition. The thermoelectric generators can 
operate at temperature differences between 10.9˚C to 40˚C. This temperature difference were 
easily achieved on the plant with ambient conditions, which are 10˚C higher from an ambient 
temperature of 35˚C. 
 It was proven that the use of thermoelectric generator as an alternative renewable energy 
source is feasible if the thermoelectric generator is designed correctly. It can also help power 
stations reduce the amount of lights dependent on the auxiliary power, this can be achieved 




















7.3 Recommendations for Future Work 
The results achieved in this experiment are a positive move towards the right direction even though 
there is still a huge amount of work to be done. Additional work needs to be done in optimizing the 
heat sink to function at a higher efficiency under natural draft conditions. Designing suitable clamps 
to provide compression loading on the thermoelectric generators against the respective vessel in order 
to provide maximum heat transfer. 
TEC1-12706 modules can be useful in very low temperature applications like the IP heater but not 
recommended for areas such as the blowdown vessel and mill reject system as their surface 
temperatures can always go above 85°C and thus destroy the modules. Modules designed for power 
generation (Heating) should also be tested to verify how far the technology can go in terms of vessels 
in the plant (e.g Boiler walls on the dead space areas). Thermoelectric generator modules like the 
Custom thermoelectric 1261G-7L31-04CQ module can be used at higher temperature vessels rated 
at surface temperature of 300°C. 
A use of more than twenty modules can also be used to test how much output voltage can be achieved 
if all the available surface on each vessel is utilized. It will be recommended that on the mill reject 
system the thermoelectric generators be placed on the sided of the vessel to avoid the higher 
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Description: Experimental results under Natural draft conditions 




Hot Junction Temp 
(°C) ΔT (°C) Voltage (V) 
0 32.56 32.56 0 0 
1 38.16 32.56 -5.6 14.1 
2 38.11 43.43 5.32 14.33 
3 38.01 48.74 10.73 14.09 
4 36.16 56.46 20.3 13.79 
5 32.15 83.18 51.03 13.41 
6 32.12 96.93 64.81 12.25 
7 32.21 102.57 70.36 12 
8 32.43 106.25 73.82 12.55 
9 32.57 109.02 76.45 12.77 
10 32.52 111.22 78.7 10.77 
11 32.76 113.11 80.35 11.36 
12 32.88 115.94 83.06 10.79 
13 32.94 117.55 84.61 10.39 
14 32.83 118.21 85.38 11.54 









Hot Junction Temp 
(°C) ΔT (°C) Voltage (V) 
0 37.35 37.35 0 0 
1 37.35 24.07 -13.28 6.3 
2 40.02 42.17 2.15 6.8 
3 41.98 52.52 10.54 6.4 
4 39.97 52.59 12.62 6.5 
5 39.9 50.02 10.12 6.3 
6 40.17 47.88 7.71 6.2 
7 36.81 46.89 10.08 5.7 
8 38.61 47.47 8.86 5.4 
9 38.73 50.15 11.42 5.2 
10 38.87 66.15 27.28 5 
11 39.01 75.31 36.3 4.9 
12 38.87 79.47 40.6 4.8 
13 38.08 86.36 48.28 4.9 
14 39.08 102.57 63.49 4.6 









Hot Junction Temp 
(°C) ΔT (°C) Voltage (V) 
0 41 41 0 0 
1 41.39 79.49 38.1 3.64 
2 41.48 79.35 37.87 3.64 
3 41.28 79.02 37.74 3.62 
4 41.37 78.97 37.6 3.52 
5 41.35 79.25 37.9 3.48 
6 41.69 80.36 38.67 3.38 
7 41.38 80.52 39.14 3.38 
8 41.91 80.34 38.43 3.29 
9 42.08 79.69 37.61 3.23 
10 42.08 79.68 37.6 3.19 
11 42.56 79.25 36.69 3.12 
12 42.59 79.08 36.49 3.07 
13 42.22 78.74 36.52 3.07 
14 42.02 78.66 36.64 3.06 









Hot Junction Temp 
(°C) ΔT (°C) Voltage (V) 
0 43 43 0 0 
1 43.79 54.67 10.88 2.23 
2 44.55 56.89 12.34 2.23 
3 42.92 59.37 16.45 2.21 
4 42.88 60.23 17.35 2.1 
5 43.15 59.76 16.61 2.09 
6 43.55 63.8 20.25 2.09 
7 43.58 62.33 18.75 2.07 
8 42.04 59.15 17.11 2.05 
9 43.16 56.12 12.96 2.05 
10 43.06 54.18 11.12 2.03 
11 42.08 60.86 18.78 2.02 
12 42.32 62.42 20.1 2 
13 43 61.6 18.6 1.99 
14 41.85 59.31 17.46 1.73 









Hot Junction Temp 
(°C) ΔT (°C) Voltage (V) 
0 39.73 39.73 0 0 
1 39.73 53.46 13.73 2.14 
2 40.15 54.23 14.08 2.01 
3 40.19 53.27 13.08 1.91 
4 40.07 54.05 13.98 1.84 
5 40.53 54.97 14.44 1.76 
6 40.6 55.47 14.87 1.69 
7 40.86 55.13 14.27 1.62 
8 40.89 55.12 14.33 1.55 
9 40.79 54.95 14.16 1.49 
10 41.09 54.22 13.13 1.46 
11 41.22 54.48 13.26 1.41 
12 41.17 54.56 13.39 1.38 
13 41.18 54.87 13.69 1.35 
14 41.2 54.33 13.13 1.32 






Description: Experimental results under forced draft conditions 




Hot Junction Temp 
(°C) ΔT (°C) Voltage (V) 
0 24 24 0 0 
1 24.54 24.11 -0.43 11.9 
2 24.69 26.8 2.11 12.6 
3 24.86 30.8 5.94 12.7 
4 25.26 33.33 8.07 12.59 
5 25.31 34.38 9.07 12.59 
6 23.47 51.5 28.03 12.2 
7 24.28 47.72 23.44 12.26 
8 25.07 46.22 21.15 12.26 
9 25.26 46.2 20.94 12.27 
10 25.32 46.54 21.22 12.24 
11 23.56 47.5 23.94 12.18 
12 24.39 49.45 25.06 12.23 
13 24.89 50.31 25.42 12.22 
14 24.96 50.4 25.44 12.27 









Hot Junction Temp 
(°C) ΔT (°C) Voltage (V) 
0 25 25 0 0 
1 25.52 45.26 19.74 14 
2 24.66 49.42 24.76 13.5 
3 24.49 52.15 27.66 13.1 
4 24.35 52.67 28.32 13.5 
5 24.72 52.64 27.92 13.12 
6 24.8 56.72 31.92 13.49 
7 25.62 52.76 27.14 13.35 
8 26.63 56.06 29.43 13.4 
9 25.74 60.28 34.54 13.31 
10 25.49 59.44 33.95 13.21 
11 25.75 59.36 33.61 13.27 
12 26.32 59.36 33.04 13.41 
13 25.6 60.43 34.83 12.72 
14 25.73 60.8 35.07 12.92 









Hot Junction Temp 
(°C) ΔT (°C) Voltage (V) 
0 26 26 0 0 
1 26.7 76.97 50.27 3.9 
2 26.78 75.6 48.82 3.91 
3 26.58 72.24 45.66 3.9 
4 26.56 70.79 44.23 3.93 
5 26.71 69.57 42.86 3.92 
6 26.82 69.19 42.37 3.87 
7 26.91 69.78 42.87 3.86 
8 26.85 69.65 42.8 3.9 
9 26.96 69.07 42.11 3.94 
10 27.04 68.35 41.31 3.92 
11 27.04 68.43 41.39 3.93 
12 27.14 68.33 41.19 3.95 
13 27.28 67.89 40.61 3.93 
14 27.15 68.44 41.29 3.9 









Hot Junction Temp 
(°C) ΔT (°C) Voltage (V) 
0 21 21 0 0 
1 21.11 68.82 47.71 4.52 
2 23.74 68.36 44.62 4.53 
3 25.77 68.1 42.33 4.5 
4 27.09 67.87 40.78 4.31 
5 31.09 66.77 35.68 4.35 
6 28.55 65.72 37.17 4.35 
7 29.34 65.13 35.79 4.34 
8 29.75 64.47 34.72 4.15 
9 30.86 64.63 33.77 4.15 
10 31.91 64.55 32.64 4.15 
11 32.1 64.06 31.96 4.1 
12 32.69 63.71 31.02 4.06 
13 32.79 63.3 30.51 4 
14 32.95 63.59 30.64 3.99 









Hot Junction Temp 
(°C) ΔT (°C) Voltage (V) 
0 33 33 0 0 
1 33.42 61.8 28.38 2.03 
2 33.68 55.03 21.35 2.35 
3 33.51 45.01 11.5 2.54 
4 33.47 41.89 8.42 2.61 
5 33.39 40.69 7.3 2.68 
6 33.48 39.91 6.43 2.73 
7 33.46 38.79 5.33 2.74 
8 33.4 38.31 4.96 2.75 
9 33.35 37.54 4.19 2.72 
10 33.11 43.4 10.29 2.68 
11 33.28 43.74 10.46 2.65 
12 33.32 44.77 11.45 2.55 
13 33.57 42.8 9.23 2.48 
14 33.59 40.87 7.28 2.41 










Dimensions 40mm x 40mm x 4mm 
Design Voltage 0 to 15.2 V 
Design current  0 to 6A 
Design Temperature range -30˚C to 70 ˚C 

















Table 42: Prototype cost 
 Item Price (R) Quantity Cost (R) 
1 Heat sink 1200 1 1200 
2 Thermoelectric 
Generators 
44 20 880 
3 Thermal Paste 50 8 400 
4 Connectors 100 50 in a pack 120 
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